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Abstract

California currently has several legislative initiatives that promote increased alternative fuels use
to reduce oil dependency, greenhouse gases, and air pollution. To develop these regulations, a
technical evaluation of the emissions impacts was needed to be conducted, and therefore a
comprehensive emissions study comparing biodiesel, and to a lesser extent renewable diesel
fuels, to California Air Resources Board (CARB) diesel fuel was conducted. This program was
coordinated by CARB in conjunction with researchers from the University of California
Riverside (UCR), the University of California Davis (UCD), and others including Arizona State
University (ASU). The study was divided into two main areas, NOx impacts and filling of
knowledge gaps. Two heavy-duty on-road engines were tested at the College of Engineering -
Center for Environmental Research and Technology (CE-CERT) and two non-road engines were
tested at CARB emissions test facilities in Stockton and ElI Monte. The second main area was to
fill knowledge gaps in the area of health impacts and unregulated emissions. The study was
conducted on four vehicles at the CARB’s heavy-duty emissions test facility in Los Angeles.

NOx Impact and Mitigation Studies

A 2006 Cummins ISM and 2007 MBE4000 engine equipped with a diesel particle filter (DPF)
were tested at CE-CERT. For both the 2006 Cummins engine and 2007 MBE4000 engine, the
average NOy emissions show increasing trends with increasing biodiesel blend level. The
magnitude of the effects did differ between the different biodiesel feedstocks. The soy-based
biodiesel blends showed a higher increase in NOx emissions for essentially all blend levels and
test cycles in comparison with the animal-based biodiesel blends. For the 2006 Cummins engine,
the trends for other emissions components were similar to those from previous studies, with
biodiesel providing reductions in THC and PM. The CO emissions results on this engine showed
consistent reductions for the animal-based biodiesel, but not for the soy-based biodiesel. For the
2007 MBE4000, the PM, THC, and CO emissions were all well below certification limits and the
emissions levels for the 2006 engine due to the DPF, and generally did not show strong fuel
impacts. CO2 emissions showed a slight increase of 1-5% for B100 and some B50 combinations.
Fuel consumption increased with increasing levels of biodiesel, with increases of 5-10% for the
B100 blends.

For the renewable and GTL diesel fuels in the 2006 Cummins, the results showed a steady
decrease in NOyx emissions with increasing levels of renewable/GTL diesel fuel. For the
renewable diesel fuel, these reductions ranged from 2.9% to 4.9% for R20, 5.4% to 10.2% for
R50, and 9.9% to 18.1% for R100 through all the cycles. For the GTL fuel the reductions were
5.2% and 8.7%, respectively, for GTL50 and GTL100 for the FTP cycle. In comparison with the
biodiesel feedstocks, the levels of NOx reduction for the renewable and GTL fuels are less than
the corresponding increases in NOx seen for the soy-based biodiesel, but are more comparable to
the increases seen for the animal-based biodiesel blends. This suggests that the renewable and
GTL diesel fuel levels need to be blended at higher levels than the corresponding biodiesel in
order to mitigate the associated NOy increase, especially for the soy-based biodiesel blends. The
renewable and GTL fuels also provided reductions in PM and CO emissions, with the GTL fuel
also providing reductions in THC. The renewable and GTL fuels provided a slight reduction in
CO:2 emissions at the higher blends, with a slight, but measureable, increase in fuel consumption.
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Several NOx mitigation formulations were evaluated on 2006 Cummins engine, including those
utilizing renewable and GTL diesel fuels, and additives. Successful formulations included those
with higher levels of renewable diesel (R80 or R55) with a B20-soy biodiesel. Blends of 15%
renewable or GTL diesel were also proved successful in mitigating NOx for a B5 soy blend,
giving a formulation more comparable to what might be implemented with the low carbon fuel
standard. A 1% di tertiary butyl peroxide (DTBP) additive blend was found to fully mitigate the
NOy impacts for a B20 and B10 soy biodiesel, while 2-ethylhexyl nitrate (2-EHN) blends had
little impact on improving NOx emissions. It was found that the level of renewable or GTL diesel
fuels needed for blending can be reduced if a biodiesel fuel with more favorable NOx
characteristics, such as animal-based biodiesel, is used, or if an additive with more favorable
NOx characteristics, such as DTBP, an additive evaluated in this study, is used. For the
MBE4000, only two blends were tested, CARB80/R15/B5-S and B-5 soy with a 0.25% DTBP
additive. Of these two, only the B-5 soy with a 0.25% DTBP additive provided NOy neutrality.
Overall, it appears that different strategies will provide mitigation for different engines, but that
the specific response varies from engine to engine.

Non-Road NOyx Impact Study Results and Conclusions

Testing was conducted on a John Deere non-road, industrial engine and a Transportation
Refrigeration Unit (TRU) engine at CARB facilities in EI Monte, CA and Stockton, CA,
respectively. The NOx emissions show general increases with increasing biodiesel blend level for
both the John Deere and TRU engines. The NOx increases were statistically significant for the
B100 blends for all testing combinations, for B50 blends for the soy-based biodiesel for the John
Deere engine and for the first series of tests on the TRU engine, and for the soy-based B20 for
the John Deere engine. The NOy increases for the TRU engine were comparable with the ones
obtained for the 2006 Cummins engine, but were lower than the ones obtained for the 2007
MBE4000. The magnitudes of the increases in NOx emissions for the John Deere engine were
less than those for either the TRU or the on-road heavy-duty engines. The animal-based biodiesel
also did not show as great a tendency to increase NOx emissions compared to the soy-based
biodiesel for the John Deere engine, with only the B100 animal-based biodiesel showing
statistically significant increases in NOx emissions.

PM, THC, and CO emissions showed consistent reductions with increasing biodiesel blend level
for both the John Deere and the TRU engines. The magnitude of the reductions in the PM
emissions for the John Deere engine were comparable to those of the 2006 Cummins ISM engine
dynamometer tests, while the reductions seen for the TRU engine were less than those seen for
the 2006 Cummins. The THC reductions for the off-road engines were generally either
comparable to slightly less than those seen for the 2006 Cummins ISM engine dynamometer
testing. The CO reductions for the John Deere engine were comparable to those seen for the
2006 Cummins ISM engine for the engine dynamometer testing, while the CO reductions for the
TRU engine were generally greater than those found for the 2006 Cummins. CO2 emissions
showed some slight increases for the biodiesel blends for both the John Deere and TRU engines.
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Knowledge Gaps Study Results and Conclusions

Testing was conducted on heavy-duty vehicles on a chassis dynamometer at CARB’s facility in
Los Angeles, CA, including two vehicles with pre-2007 engines, one vehicle with a 2007 engine
with a DPF, and one vehicle with a 2010 engine equipped with a DPF and a selective catalytic
reduction (SCR) system, which is not included in this report. For the heavy-duty chassis results,
the NOx emissions showed a consistent trend of increasing emissions with increasing biodiesel
blend level. These differences were statistically significant or marginally statistically significant
for nearly all test sequences for the B50 and B100 fuels, and for some B20 blends, but not others.
These increases ranged from 7% to 16% for B50, and 15% to 27% for B100 for 2000 Caterpillar
C-15, 4% to 8% for B20, 2% to 16% for B50, and 9% to 34% for B100 for 2006 Cummins ISM,
and 11% to 13% for B50, and 28% to 36% for B100 for 2007 MBE4000. The percentage
increases for the NOx emissions with biodiesel were generally greater for soy-based biodiesel
compared with the animal-based biodiesel. The magnitude of the increases in NOx emissions for
the biodiesel blends for the 2006 Cummins ISM engine were either greater than or comparable to
those found for the engine testing on this engine. For the 2007 MBE4000, the overall NOx
increases are in the same range for the chassis and engine dynamometer testing, with some
differences seen for cycle/fuel/blend level combinations. For the 2000 Caterpillar C-15, the
renewable diesel fuel showed NOx reductions for the UDDS cycle, but not statistically
significant reductions over the 50-mph cruise cycle. The magnitude of the reductions found for
the renewable diesel was similar to those found in the engine testing. The reductions for the
renewable diesel blends ranged from 4% to 12% for the UDDS cycle.

PM, THC, and CO emissions showed consistent reductions for most biodiesel blend level and
cycle combinations for the two non-DPF equipped vehicles (2000 Caterpillar C-15 and the 2006
Cummins ISM), with the magnitude of the reductions generally increasing with blend level. The
PM emissions reductions for the chassis dynamometer testing are similar to or greater than the
reductions seen in the engine testing for the Cummins ISM engine for most testing combinations.
The THC reductions for the highest blend levels were slightly less consistent and were slightly
less than those seen in the corresponding engine tests for the Cummins ISM. The CO reductions
were statistically significant for most of the B50 and B100 blends, and some of the B20 blends.
PM, THC, and CO also showed some reductions for the renewable diesel, although these
reductions were sometimes only seen for the higher blend levels. PM, THC, and CO emissions
did not show any consistent trends for the DPF-equipped 2007 MBE4000 as a function of
biodiesel level, since most of the combustion-related PM is eliminated in the DPF, although
statistically significant CO reductions were found for the B100 soy-based and animal-based
blends for the UDDS cycle. CO, emissions showed some reductions for the R100 and R50 fuels
for the 2000 Caterpillar C-15 and some increases for the animal-based and soy-based biodiesel
blends for the 2007 MBE4000, although these trends were not consistent across the range of
vehicles/engines testing on the chassis dynamometer. The CO; increases fall within the 1-5%
range that was seen in the heavy-duty engine dynamometer testing for the various biodiesel
blends.

The VOC emissions measured for the chassis testing included benzene, toluene,

ethylebenzene,1,3-butadiene, m-/p-xylene and o-xylene. The VOC emissions typically showed
only trends for the higher biodiesel blend levels, with the emissions for biodiesel being lower
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than those for CARB. Generally, the reductions in aromatic VOCs were consistent with the
reduction in aromatics in the fuel. For the lower biodiesel blend levels, the differences with the
CARB diesel were typically not significant. Carbonyl emissions did not show consistent trends
as a function of biodiesel or renewable diesel blend level. In some cases, trends were seen for
particular vehicle/fuel combinations, but these trends were not seen for other fuel/cycle
combinations. Reactive carbonyl measurements did show showed that certain reactive carbonyls
were higher for the higher biodiesel blends, including acrolein, while others, such as aromatic
aldehyde species, were lower for the pure biodiesel fuels. PAH and Nitro-PAH emissions both
decreased as a function of increasing blend level for soy biodiesel, animal-based biodiesel and
renewable diesel. The emission trends for Oxy-PAH emissions showed different trends for
different compounds, with some compounds showing generally higher emissions in soy and
animal-based biodiesels compared to CARB diesel, whereas others decreased in animal biodiesel
and renewable diesel. For all toxic species, emission levels were significantly reduced in the
DPF-equipped vehicle, and there were few fuel related trends.

The PM mass was composed predominantly of carbonaceous material for all fuel combinations.
The total carbon and the elemental carbon components of the PM both showed reductions
increasing in magnitude at progressively higher biodiesel blends. Both of these trends are
consistent with the overall reduction in PM mass with higher biodiesel levels. The organic
carbon levels did not show significant differences between the different fuel blends, and in fact
were relatively flat as a function of blend level. The renewable diesel blends showed trends of
decreasing elemental and total carbon emissions as a function of blend level, but this was only
statistically significant for the R100 fuel. The ion and trace element emissions were generally
very low, comprising less than 1% and 2%, respectively, of the total PM mass, and did not show
consistent trends between the different fuels.

Mutagen emissions generally decreased as a function of increasing biodiesel blend level for the
2000 Caterpillar C-15 vehicle. CARB diesel, biodiesel, and renewable diesel all induced
inflammatory markers, such as COX-2 and IL-8 in human macrophages and the mucin related
MUCS5AC markers in Clara type cells, with the inflammatory markers higher in the 2000
Caterpillar C-15 engine vehicle than the 2007 MBE4000 engine vehicle. For the comet assay, at
the limited dose levels tested, there was little increase of chromosomal damage (gross DNA
damage) from the various fuels tested, including the CARB diesel.
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Executive Summary

California, as well as the United States as a whole, is making a concerted effort to increase the
use of alternative fuels in transportation and other areas. In California, a number of legislative
measures and regulations are targeted at increase the use of renewable fuels. This includes
AB1007, which requires the California Air Resources Board (CARB) and California Energy
Commission (CEC) to develop a plan to increase alternative fuels use in California, and the
Global Warming Solutions Act, AB32, which requires California to develop regulations that will
reduce greenhouse gas emissions to 1990 levels by 2020. In response to these policy drivers,
CARB has implemented the Low Carbon Fuel Standard (LCFS) that will reduce the carbon
intensity of fuels, measured on a full lifecycle basis, by 10% by 2020. CARB has identified
biodiesel as a potential strategy in meeting these regulatory goals for diesel fuel. Biodiesel is an
alternative diesel fuel that has the potential to reduce greenhouse gas emissions, other pollutants,
and can partially offset our use of petroleum-based fuels.

Although biodiesel has been studied extensively over the past 20 years, knowledge gaps still
exist and further research is needed to fully characterize the impact biodiesel has on oxides of
nitrogen (NOx) emissions and the effects various feedstocks have on various emissions. A
comprehensive assessment of the impact of biodiesel on pre-2002 engines was conducted by the
US Environmental Protection Agency in 2002 (US EPA, 2002), which estimated that a soy-
based biodiesel at a B20 level would increase NOx emissions about 2% compared to an average
Federal base fuel. Additional analyses in this same study did indicate that the impacts of
biodiesel on NOx emissions using a “cleaner” base fuel, more comparable to that utilized in
California, could be greater than that found for the average Federal fuel, but data was more
limited in this area. More recent reviews have been conducted by McCormick et al. (2006) and
Hoekman et al. (2009). These more recent reviews have emphasized the considerable variations
in the results from study to study and engine to engine, and have suggested that on average there
is either no net effect for B20 on NOy emissions or there is at most a very small effect. Many of
these studies are limited in their direct application to California, however, because exhaust
emissions from diesel engines fueled with biodiesel were not compared to these engines fueled
with CARB diesel, or because they use only soy-based biodiesel that may not be the major
feedstock used in California. Additionally, most of these studies are not as extensive as the
testing requirements used in the certification of CARB alternative diesel formulations, which
require fuels to be shown to be equivalent to a 10% aromatic reference diesel fuel over a test
sequence of 20 or more iterations (CARB, 2004).

In order to better characterize the emissions impacts of renewable fuels under a variety of
conditions, CARB has conducted a comprehensive study of biodiesel and other alternative diesel
fuels with CARB diesel. This program was coordinated by CARB in conjunction with
researchers from the University of California Riverside (UCR), the University of California
Davis (UCD), and others including Arizona State University (ASU). The goal of this study was
to understand and, to the extent possible, mitigate any impact that biodiesel has on NOx
emissions from diesel engines. The study also looked at the impact of biodiesel on toxic
emissions. This study provides an important assessment of the potential impact of renewable fuel
use in California and a basis for the development of NOx mitigation strategies for meeting CARB
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regulations. This study also makes an important contribution to the scientific knowledge of the
impacts of biodiesel with “clean” or CARB-like diesel in heavy-duty engines.

The testing included engine dynamometer testing of heavy-duty, on-highway engines and off-
road engines, and chassis dynamometer testing of heavy-duty, on-highway vehicles. The full test
matrix included testing on 2 heavy-duty engines, 4 heavy-duty vehicles, and 2 off-road engines.
The testing included a baseline CARB ultralow sulfur diesel (ULSD) fuel, two biodiesel
feedstocks (one soy-based and one animal-based) tested on blend levels of B5, B20, B50, and
B100, a biomass-to-liquid (BTL) or renewable diesel, and a gas-to-liquid (GTL) diesel fuel
tested at 20%, 50%, and 100% blend levels. For the on-highway engine and chassis
dynamometer testing, several test cycles were also utilized to evaluate the impact of biodiesel on
emissions under different operating conditions and loads. This report discusses the results and
conclusions for all elements of this study.

Test Fuels

The test fuels for this program included 5 primary fuels that were subsequently blended at
various levels to comprise the full test matrix. A CARB-certified ultralow sulfur diesel (ULSD)
fuel was the baseline for testing. Two biodiesel feedstocks were utilized for testing, including
one soy-based and animal-based biodiesel fuel. These fuels were selected to provide a range of
properties that are representative of typical feedstocks, but also to have feedstocks representing
different characteristics of biodiesel in terms of cetane number and degree of saturation. A BTL
diesel and a GTL diesel were also used for testing. The renewable diesel was provided by Neste
Oil, and it is known as NExXBTL. This fuel is denoted as the renewable diesel in the following
results sections. This fuel is produced from renewable biomass sources, such as fatty acids from
vegetable oils and animal fats, via a hydrotreating process (Rantanen et al. 2005; Kuronen et al.
2007).

The two biodiesel feedstocks (one soy-based and one animal-based) were blended at levels of
B5, B20, B50, and B100, and the renewable and the GTL diesel fuel were blended at 20%, 50%,
and 100% levels. For the engine testing, the biodiesel, renewable and GTL diesels were tested at
all of the blend levels. For the chassis testing, the blends were tested at only the 20%, 50%, and
100% blend levels because the typically greater variability for the chassis dynamometer testing
would make it difficult to identify trends for lower blend levels, such as 5-10%. The fuels for all
testing utilized the same batches of primary fuels, and the blending for all testing was also done
at the same time.

Test Matrix

Testing for this program was conducted on a wide range of engines from heavy-duty on-highway
engines, off-road engines, and heavy-duty vehicles. A breakdown of the engines/vehicles used
for this testing is provided in Table ES-1. The 2007 MBE4000 engine and the 2010 Cummins
ISX15 were both equipped with original equipment manufacturer (OEM) aftertreatment systems.
The 2007 MBE4000 engine was equipped with a diesel particle filter (DPF) and the 2010
Cummins ISX15 was equipped with a DPF and a selective catalytic reduction (SCR) system. The
2010 Cummins ISX15 engine is certified to EPA 2010 model year standards, with a NOx
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certification level of 0.22 g/bhp-hr and a PM certification level of 0.08 g/bhp-hr. The 2006
Cummins ISM and the 2007 MBE4000 engine were both tested in their original chassis were
removed from the chassis for the engine dynamometer testing.

Table ES-1. A Breakdown of the Test Engines for the Different Categories of Testing

Engine Category Test type Other
2006 Cummins ISM Heavy-duty on-highway | Engine dynamometer
2007 MBE4000 Heavy-duty on-highway | Engine dynamometer
1998, 2.2 liter, Kubota | Off-road Engine dynamometer
\2203-DIB
2009 John Deere 4.5 L | Off-Road Engine dynamometer
2000 Caterpillar C-15 Heavy-duty on-highway | Chassis dynamometer | Freightliner chassis
2006 Cummins ISM Heavy-duty on-highway | Chassis dynamometer | International chassis
2007 MBE4000 Heavy-duty on-highway | Chassis dynamometer | Freightliner chassis
2010 Cummins ISX15 | Heavy-duty on-highway | Chassis dynamometer | Kenworth chassis

Test Procedures

Testing of the heavy-duty on-road engines was conducted using up to 4 different engine test
cycles including a light loaded Urban Dynamometer Driving Schedule (UDDS) cycle, the
Federal Test Procedure (FTP), and 40 mph and 50 mph CARB heavy heavy-duty diesel truck
(HHDDT) cruise cycles. These cycles were selected to represent different operating conditions,
and low, medium, and high loads. The engine dynamometer test cycles for the UDDS, and 40
and 50 mph cruise cycles were developed from torque and engine rpm data collected as these
cycles were run on a chassis dynamometer. For the 2006 Cummins ISM, the UDDS and 40 mph
cruise cycles were developed from data collected specifically from the actual test engine. The 50
mph cruise cycle for the 2006 Cummins ISM utilized cycle information that was developed from
data collected through the E55/59 chassis dynamometer study of heavy-duty trucks (Clark et al.,
2007) and subsequently utilized for cycles for the ACES program. For the 2007 MBE4000, the
UDDS and the 50 mph cycles was developed from engine data directly from that engine.

The off-road engines were tested using the ISO 8178, Part 4 “Test Cycle Type C1 off-road
vehicles, industrial and Medium/High load.” This test cycle is composed of 8 steady-state modes.
The cycle includes 4 modes conducted at the rated speed at 4 different loads, 3 modes conducted
at the intermediate speed at 3 different loads, and 1 mode at idle.

Two test cycles were utilized for the chassis dynamometer testing, UDDS and CARB HHDDT
50 mph Cruise cycle. These test cycles were designed to provide a range of loads, with the
UDDS representing a medium load and the 50 mph cruise cycle representing a high load. The
test cycles were performed at different test weights to provide a broader range of load over which
the impacts of biodiesel could be investigated, with the UDDS loaded with a medium weight and
the 50 mph cruise cycle being loaded near the high end of the vehicle gross vehicle weight rating
(GVWR).

The test matrix for the different portions of the study was designed to provide randomization
along with long range replication. This sequence included replication of the CARB fuel at
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regular intervals within the sequence of testing the biodiesel/renewable/GTL diesel blends, and
testing the cycles in a random order for each fuel sequence. For the DPF equipped 2007
MBE4000, a regeneration was incorporated with each fuel change. This eliminated the
possibility of regeneration occurring randomly during the emissions test sequence, but at the
same time this represents a limitation in that the fuel impacts during regeneration could not be
evaluated.

Emissions Measurements

Emissions measurements for the heavy-duty on-highway engine dynamometer test and the off-
road engine tests focused primarily on standard emissions, including total hydrocarbons (THC),
carbon monoxide (CO), nitrogen oxides (NOx), particulate matter (PM), and carbon dioxide
(CO2). More extensive testing was conducted for the heavy-duty chassis dynamometer testing,
which included regulated emissions, real-time PM analysis, and sampling for exhaust
composition, toxicity, and health effects. For PM composition, analyses were done for organic
and elemental carbon, ions, and elements. Toxic analyses included polyaromatic hydrocarbons
(PAHS), nitro-PAHSs, and oxy-PAHSs, volatile organic compounds (VOC), and carbonyls. The
health effects analyses include mutagenicity, oxidative stress, inflammation, and DNA damage.

Biodiesel Characterization Results — Heavy-Duty Engine Testing

Tables ES-2 to ES-5 show the percentage differences for the soy-based and animal-based
biodiesel feedstocks, respectively, compared with the CARB ULSD for different test engines,
blend levels, and test cycles, along with the associated p-values for statistical comparisons using
a 2-tailed, 2 sample equal variance t-test. For the discussion of the on-road engine dynamometer
testing results in this report, results are considered to be statistically significant for the for p-
values <0.05, which represents a 95% confidence level. The statistically significant results are
shaded in the tables.

The NOx emission results for the testing with the soy-based biodiesel feedstock and the animal-
based biodiesel feedstock on two different mentioned engines are presented in Figures ES-1 to
ES-4, respectively, on a gram per brake horsepower hour (g/bhp-hr) basis. The results for each
test cycle/blend level combination represent the average of all test runs done on that particular
combination. The error bars represent one standard deviation on the average value.
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Table ES-2. Percentages changes for Soy-Biodiesel blends relative to CARB and associated statistical p-values 2006 Cummins

THC Cco NOy PM CO, BSFC
% diff Pvalue | %diff Pvalue | % diff Pvalue| %diff Pvalue | % diff Pvalue | % diff P value
uDDS B20 -12% | 0.000 5% 0.115 | 41% | 0.002 | -24% | 0.002 | 0.8% | 0.448 | 1.8% | 0.093
B50 -28% | 0.000 26% 0.000 | 9.8% | 0.000 | -30% | 0.000 | 2.5% | 0.055 | 5.1% | 0.001
B100 -55% | 0.000 62% 0.000 | 17.4% | 0.000 | -33% | 0.000 | 4.2% | 0.003 | 9.8% | 0.000
FTP B5-mit -1% 0.087 -1% 0.471 | 2.2% | 0.000 -6% 0.000 | 0.1% | 0.816 | 0.3% | 0.228
B10-mit -6% 0.000 -2% 0.171 | 2.6% | 0.000 | -17% | 0.000 | -0.1% | 0.569 | 0.3% | 0.167
B20 -11% | 0.000 -3% 0.078 | 6.6% | 0.000 | -25% | 0.000 | 0.4% | 0.309 | 1.4% | 0.001
B50 -29% | 0.000 -4% 0.038 | 13.2% | 0.000 | -46% | 0.000 | 0.5% | 0.159 | 3.1% | 0.000
B100 -63% | 0.000 3% 0.163 | 26.6% | 0.000 | -58% | 0.000 | 1.5% | 0.007 | 6.8% | 0.000
40 mph Cruise B5 -1% | 0.573 2% 0.427 | 1.7% | 0.135 -6% 0.101 | 1.7% | 0.085 | 1.9% | 0.065
B20 -16% | 0.000 -3% 0.160 | 3.9% | 0.000 | -26% | 0.000 | 0.8% | 0.056 | 1.8% | 0.001
B50 -36% | 0.000 0% 0.986 | 9.1% | 0.000 | -48% | 0.000 | 1.3% | 0.053 | 3.8% | 0.000
B100 -70% | 0.000 0% 0.868 | 20.9% | 0.000 | -69% | 0.000 | 3.0% | 0.000 | 8.4% | 0.000
50 mph Cruise B5 2% | 0.222 1% 0.649 | -1.1% | 0.588 -5% 0.036 | 0.0% | 0.959 | 0.3% | 0.690
B20 -12% | 0.000 -2% 0.330 | 0.5% | 0.800 | -18% | 0.000 | 0.6% | 0.227 | 1.6% | 0.002
B50 -31% | 0.000 -6% 0.002 | 6.3% | 0.001 | -43% | 0.000| 1.2% | 0.008 | 3.8% | 0.000
B100 -68% | 0.000 -14% 0.000 | 18.3% | 0.000 | -50% | 0.000 | 2.6% | 0.000 | 8.0% | 0.000

Table ES-3. Percentages changes for Animal-Biodiesel blends relative to CARB and associated statistical p-values 2006
Cummins ISM

THC Co NOx PM CO, BSFC
% diff P value | % diff Pvalue | % diff P value | % diff Pvalue | %diff P value | % diff P value
uUDDS B20 -16% | 0.000 | -10% | 0.000 | -1.5% | 0.376 | -10% | 0.009 -0.6% 0.640 | 1.2% 0.404
B50 -38% | 0.000 | -12% | 0.000 | 0.1% | 0.935 | -24% | 0.001 1.2% 0.201 | 3.1% 0.005
B100 | -73% | 0.000 | -20% | 0.000 | 1.9% | 0.243 | -31% | 0.000 2.5% 0.016 | 6.7% 0.000
FTP B5 -3% | 0.011 | -4% | 0.008 | 0.3% | 0.298 -9% | 0.000 -0.3% 0.191 | 2.9% 0.031
B20 -13% | 0.000 | -7% | 0.000 | 1.5% | 0.000 | -19% | 0.000 0.1% 0.733 | 1.4% 0.145
B50 -36% | 0.000 | -14% | 0.000 | 6.4% | 0.000 | -42% | 0.000 0.4% 0.117 | 1.8% 0.038
B100 | -71% | 0.000 | -27% | 0.000 | 14.1% | 0.000 | -64% | 0.000 0.7% 0.018 | 4.4% 0.001
50 mph Cruise B20 -14% | 0.000 | -7% | 0.003 | -2.3% | 0.151 | -16% | 0.000 0.7% 0.170 | 2.6% 0.010
B50 -37% | 0.000 | 9% | 0.066 | 0.8% | 0.588 | -35% | 0.000 1.5% 0.014 | 3.5% 0.000
B100 | -73% | 0.000 | -25% | 0.000 | 5.3% | 0.000 | -59% | 0.000 1.6% 0.008 | 5.9% 0.000
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Table ES-4. Percentages changes for Soy-Biodiesel blends relative to CARB and associated statistical p values 2007 MBE4000

THC Cco NOx PM CO; BSFC
% diff Pvalue | %diff Pvalue | % diff Pvalue | % diff Pvalue | % diff P value | % diff P value
uUDDS B20 -11% 0.770 | -62% | 0.453 | 4.4% | 0.005 | -94% | 0.187 0.0% 0971 | 1.0% | 0.121
B50 27% 0.400 | -111% | 0.154 | 15.3% | 0.000 9% 0.874 0.9% 0.334 | 25% | 0.083
B100 -18% 0683 | -67% | 0.491 | 36.6% | 0.000 | -37% | 0.470 5.0% 0.000 | 8.3% | 0.000
FTP B5 38% 0.005 | -20% | 0.135 | 0.9% | 0.007 | -61% | 0.096 0.0% 0.398 | 0.3% | 0.113
B20 33% 0.005 13% 0.534 | 5.9% | 0.000 -4% | 0.944 0.0% 0.909 | 1.0% | 0.016
B50 25% 0.018 | -50% | 0.031 | 15.3% | 0.000 58% | 0.216 0.2% 0.722 | 1.7% | 0.034
B100 20% 0.081 | -74% | 0.002 | 38.1% | 0.000 64% | 0.403 2.4% 0.000 | 5.6% | 0.000
50 mph Cruise B20 -5% 0.801 -6% 0.809 | 6.9% | 0.000 | -19% | 0.746 0.4% 0.249 | 1.5% | 0.002
B50 -20% 0.430 | -33% | 0.302 | 18.2% | 0.000 2% 0.970 0.4% 0.548 | 1.9% | 0.081
B100 -13% 0594 | -21% | 0.508 | 47.1% | 0.000 | -100% | 0.704 2.6% 0.000 | 5.9% | 0.000

Table ES-5. Percentages changes for Animal-Biodiesel blends relative to CARB and associated statistical p values 2007

MBE4000

THC Cco NOy PM CO, BSFC
% diff P value | % diff P value | % diff P value % diff P value | % diff P value | % diff P value
uDDS B20 33% 0.000 18% 0.003 | 1.6% | 0.000 224% | 0.779 | 0.0% | 0.000 | 0.2% 0.000
B50 8% 0.695 -16% | 0.875 | 7.3% | 0.000 285% | 0.219 | 1.0% | 0.024 | 1.2% 0.008
B100 6% 0.755 | 109% | 0.238 | 16.0% | 0.000 | 1043% | 0.000 | 1.5% | 0.009 | 8.1% 0.000
FTP B5 13% 0.612 -11% | 0.202 | 1.3% | 0.000 -32% 0.553 | 0.3% | 0.007 | 0.5% 0.001
B20 13% 0.376 -3% 0.841 5% 0.000 -40% 0.341 | 0.1% | 0.743 | 0.3% 0.182
B50 -13% 0.568 | -39% | 0.040 | 12.1% | 0.000 15% 0.757 | 0.2% | 0.391 | 0.4% 0.069
B100 5% 0.756 | -73% | 0.000 | 29% 0.000 -24% 0.611 | 1.6% | 0.000 8% 0.000
50 mph Cruise B20 17% 0.425 -1% 0.733 | 5.9% | 0.000 -49% 0.143 | 0.0% | 0.837 | 0.2% 0.301
B50 -13% 0.448 -36% | 0.144 | 16.3% | 0.000 -58% 0.103 | 0.4% | 0.150 | 0.6% 0.036
B100 3% 0.905 | -55% | 0.027 | 39.4% | 0.000 -39% 0.237 | 1.3% | 0.002 | 7.8% 0.000
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Figure ES-1. Average NOx Emission: Soy-Based Biodiesel Feedstock 2006 Cummins ISM
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Figure ES-2. Average NOx Emission: Animal-Based Biodiesel Feedstock 2006 Cummins ISM
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Figure ES-3. Average NOx Emission: Soy-Based Biodiesel Feedstock 2007 MBE4000
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Figure ES-4. Average NOx Emission: Animal-Based Biodiesel Feedstock 2007 MBE4000

For both the 2006 Cummins and 2007 MBE4000 engines, the average NOx emissions show

trends of increasing NOx emissions with increasing biodiesel blend level, but the magnitude of
the effects differ between the different feedstocks. The soy-based biodiesel blends showed a

XXXI



higher increase in NOx emissions for essentially all blend levels and test cycles in comparison
with the animal-based biodiesel blends.

For the 2006 Cummins engine, for the soy-based biodiesel over the FTP, the NOx impact ranged
from an increase of 2.2% at the B5 level, to 6.6% at the B20 level, to 27% at the B100 level. The
biodiesel emissions impacts for the other cycles were comparable to but less than those found for
the FTP for the different blend levels, although the impacts for the 50 mph cruise cycle were
obscured by changes in the engine operation and control strategy that occurred during the cycle,
as discussed further below. These increases were higher than the EPA base case estimates for all
of the test cycles. The NOx impacts found for the soy-based biodiesel were consistent, however,
with the EPA estimates for the “clean base fuel” case, which would be more representative of a
CARB diesel fuel.

For the 2006 Cummins engine, for the animal-based biodiesel feedstock, the NOyx emission
increases with biodiesel for the FTP cycle were consistent with the EPA base case estimates. The
NOx impact for the animal-based biodiesel over the FTP ranged from an increase of 1.5% at the
B20 level to 14% at the B100 level. For the lower load UDDS cycle for the animal-based
biodiesel feedstock, the emissions differences were not statistically significant for any of the
blend levels. For the 50 mph cruise cycle, a statistically significant increase in NOx emissions
was only found for the B100 animal-based biodiesel. The 50 mph cruise results were obscured,
however, by changes in the engine operation and control strategy that occurred over a segment of
this cycle.

For the 2007 MBE4000 engine, the magnitude of the NOx emissions increases, on percentage
basis, were greater than those for the 2006 Cummins engine for nearly all biodiesel blends and
test cycles. The absolute differences in the emission levels for the CARB and biodiesel fuels,
however, were less for the 2007 MBE4000, due to its lower overall NOx emission levels. The
emissions increases for the both the soy-based and the animal-based biodiesel were higher than
those for the EPA base case estimates. The NOy increases for the soy-based biodiesel were also
higher than those for the EPA estimates for a clean base fuel for most test combinations. The
animal-based biodiesel showed estimates comparable to the EPA clean base fuel estimates for
the FTP, but showed a lower NOx impact for the lighter load UDDS cycle and a higher NOx
impact for the 50 mph cruise cycle.

NOx emissions were found to increase as a function of engine load for both engines, as expected.
Comparing different cycles for 2006 Cummins engine, the FTP showed the strongest NOx
increases for biodiesel for both soy-based and animal-based blends. The impact of biodiesel on
NOx emissions was not found to be a strong function of engine load, as was observed in previous
studies by EPA (Sze et al., 2007). This trend was obscured, however, by the differences in
engine operation that were observed for the 50 mph cruise cycle. For the 2007 MBE4000 engine,
the animal-based biodiesel testing showed increases in the NOy differential with increasing cycle
power. There were also some trends of a higher NOx differential for the B50 and B100 soy-based
biodiesels on the highest load 50 mph cruise cycle, as well as a slight trend with these fuels for
the other cycles.
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PM emissions, for 2006 Cummins engine, showed consistent and significant reductions for the
biodiesel blends, with the magnitude of the reductions increasing with blend level. This is
consistent with a majority of the previous studies of emissions from biodiesel blends. The PM
reductions for both the soy-based and animal-based biodiesel blends were generally larger than
those found in the EPA study, and are closer to the estimates for a base case fuel than a clean
base fuel. Over the FTP, the PM reductions for the soy-based biodiesel ranged from 6% for a B5
blend, to 25% for a B20 blend, to 58% for B100. For the animal-based biodiesel over the FTP,
the PM reductions ranged from 19% for the B20 blend to 64% for B100. The smallest reductions
were seen for the UDDS, or the lightest loaded cycle. The PM reductions for biodiesel for the
FTP and the cruise cycles were comparable for both fuels. Although there were some differences
in the percent reductions seen for the soy-based and animal-based biodiesel fuels, there were no
consistent differences in the PM reductions for these two feedstocks over the range of blend
levels and cycles tested here.

THC emissions for the 2006 Cummins engine showed consistent and significant reductions for
the biodiesel blends, with the magnitude of the reductions increasing with blend level. The THC
reductions over the FTP for the soy-based biodiesel ranged from 6% for a B10 blend, to 11% for
a B20 blend, to 63% for B100. For the animal-based biodiesel over the FTP, the THC reductions
ranged from 13% for the B20 blend to 71% for B100. Overall, the THC reductions for the 2006
Cummins engine seen in this study are consistent with and similar to those found by EPA. The
THC reductions for both the soy-based and animal-based biodiesel blends for B100 were closer
to those found in the EPA study for the B100 level for the base case fuels, while the lower blend
levels (i.e., B20 and B50), were in between those estimated by EPA for the clean and base case
fuels. For the soy-based biodiesel, the reductions are slightly less for the lower load UDDS, but
for the animal-based biodiesel the THC reductions for all the test cycles were similar. There was
not a strong trend in the THC reductions with biodiesel as a function of either power or fuel
consumption.

CO emissions, for 2006 Cummins Engine, showed consistent and significant reductions for the
animal-based biodiesel blends, consistent with previous studies. Over the FTP, the CO
reductions for the animal-based biodiesel ranged from 7% for a B5 blend, to 14% for a B20
blend, to 27% for B100. The CO reductions seen for the animal-based biodiesel are comparable
to those seen for the EPA clean base fuel estimates, but are lower than those for the EPA base
case. The CO trends for the soy-based biodiesel were less consistent. The CO emissions for the
soy-based biodiesel did show consistent reductions with increasing biodiesel blend levels for the
highest load, the 50 mph cruise cycle. For the FTP and 40 mph cruise cycles, the soy-based
biodiesel blends did not show any strong trends relative to the CARB ULSD and a number of
differences were not statistically significant. Interestingly, the CO emissions for the lowest load
UDDS cycle showed higher emissions for the biodiesel blends, with the largest increase (62%)
seen for the highest blend level. Additional testing would likely be needed to better understand
the nature of these results, which are opposite the trends seen in most previous studies.

For the 2007 MBE4000 engine, the PM, THC, and CO emissions were all well below
certification limits and the emission levels for the 2006 Cummins due to the DPF. For the most
part, PM, THC, and CO differences between fuels were not statistically significant. For THC,
one exception to this was for the soy-based biodiesel, which actually showed statistically
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significant increases ranging from 20 to 33% compared to the CARB diesel over the FTP. CO
emissions did show lower emissions for the B50 and B100 fuels over the FTP as well. It should
be noted that in the cases where statistically significant differences were found, the differences
were small on an absolute basis and additional tests would be needed to verify these trends on a
larger set of fuels/engines.

Throughout the course of testing on the 2006 Cummins engine some outliers were observed in
the testing that appeared to be related to conditions set within the engine control module (ECM).
Changes in engine operation were observed within the 50 mph CARB HHDDT cycle. For this
test cycle, for a period of the test cycle from approximately 300 to 400 seconds, two distinct
modes of operation were observed. These tests were not removed from the analysis, as it was
surmised that these conditions could potentially occur in real-world operation. During initial
testing, significant changes were also found when the temperature of the coolant water to the
charge air cooler dropped below 68°F. This situation was remedied and these tests were removed
from the subsequent analyses.

CO:2 emissions showed a slight increase for the higher biodiesel blends. For the 2006 Cummins
engine, this increase ranged from about 1-4%, with the increases being statistically significant
for the B100 fuels for all of the tests, for the B50 fuel for the cruise cycles, and for some other
testing combinations. For the 2007 MBE4000 engine, only the B100 blends showed consistent,
statistically significant increases in CO2 emissions for the different cycles, with the increases
ranging from 1-5%.

The biodiesel blends showed an increase in fuel consumption with increasing levels of biodiesel.
This is consistent with expectations based on the lower energy density of the biodiesel. The fuel
consumption differences were generally greater for the soy-based biodiesel in comparison with
the animal-based biodiesel for the 2006 Cummins engine, but not for the 2007 MBE4000 engine.
The changes in fuel consumption for the soy-based biodiesel blends for the 2006 Cummins
engine range from 1.4 to 1.8% for B20 to 6.8 to 9.8% for B100. The changes in fuel
consumption for the animal-based biodiesel blends for the 2006 Cummins engine range from no
statistical difference to 2.6% for B20 to 4.4 to 6.7% for B100. For the 2007 MBE4000 engine,
the differences in fuel consumption ranged from no change to 2.5% for B50 and lower blends,
while the increases for the B100 blends ranged from 5.6 to 8.3%.

Renewable & GTL Diesel Results — Heavy-Duty Engine Testing

Table ES-6 shows the percentage differences for the renewable and the GTL fuels compared
with the CARB ULSD for different blend levels and test cycles, along with the associated p-
values for statistical comparisons using a 2-tailed, 2 sample equal variance t-test.

For the renewable and GTL diesel fuels, the results show a steady decrease in NOx emissions
with increasingly higher levels of renewable/GTL diesel fuel. The NOx emission results for the
testing with the renewable diesel and the GTL diesel are presented in Figures ES-5 and ES-6,
respectively, on a gram per brake horsepower hour (g/bhp-hr) basis. Over the FTP cycle, the NOx
reductions for the renewable and GTL diesel were comparable for each of the blend levels. For
the FTP, the NOx reductions for the renewable diesel ranged from 2.9% for the 20% blend to
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9.9% for the 100% blend, while the NOx reductions for the GTL ranged from ~1% for the 20%
blend to 8.7% for the 100% blend. Larger emissions reductions were found over the UDDS and
Cruise cycles, where only the renewable diesel fuel was tested. The reductions in NOx for the
renewable diesel fuel are comparable to those found in previous studies of heavy-duty engines.
In comparison with the biodiesel feedstocks, the levels of NOx reduction for the renewable and
GTL fuels are generally less than the corresponding increases in NOx seen for the biodiesel
blends. With respect to NOx mitigation, this suggests that the renewable and GTL diesel fuel
levels need to be blended at higher levels than the corresponding biodiesel in order to mitigate
the associated NOx increase, as discussed in further detail below.
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Figure ES-5. Average NOx Emission Results for the Renewable Blends
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Table ES-6. Percentages changes and associated statistical p values for Renewable and GTL blends relative to CARB for the

2006 Cummins

THC Cco NOx PM CO; BSFC
% diff P value | % diff P value % diff Pvalue | % diff Pvalue | %diff Pvalue | %diff P value
UDDS R20 -3% 0.018 | -16% | 0.000 -4.9% 0.000 | -5% 0.401 -0.4% 0.595 1.0% 0.255
R50 -6% 0.002 | -23% | 0.000 -10.2% | 0.000 | -12% | 0.044 -0.7% 0.448 | 3.1% 0.007
R100 -12% | 0.000 | -33% | 0.000 -18.1% | 0.000 | -28% | 0.000 -3.3% 0.002 | 5.1% 0.000
FTP R20 0% 0.719 -4% 0.022 -2.9% 0.000 | -4% 0.023 -0.3% 0.652 1.1% 0.117
R50 0% 0.777 -8% 0.000 -5.4% 0.000 | -15% | 0.000 -1.0% 0.124 | 2.9% 0.001
R100 -4% 0.057 | -12% | 0.000 -9.9% 0.000 | -34% | 0.000 -3.4% 0.000 | 5.2% 0.000
GTL20 -5% 0.000 -6% 0.000 -0.9% 0.053 | -8% 0.000 0.0% 0.933 1.3% 0.001
GTL50 -16% | 0.000 | -10% | 0.000 -5.2% 0.000 | -12% | 0.000 -1.9% 0.001 1.4% 0.008
GTL100 -28% | 0.000 | -14% | 0.000 -8.7% 0.000 | -29% | 0.000 -3.5% 0.000 | 3.3% 0.000
50 mph Cruise R20 2% 0.207 0% 0.831 -3.8% 0.007 | -3% 0.220 0.0% 0.972 1.4% 0.107
R50 2% 0.230 1% 0.234 -7.8% 0.000 | -14% | 0.000 0.0% 0.996 | 4.0% 0.000
R100 -1% 0.510 3% 0.022 -14.2% | 0.000 | -24% | 0.000 -2.1% 0.011 | 6.6% 0.000
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Figure ES-6. Average NOx Emission Results for the GTL Blends

PM emissions showed consistent and significant reductions for the renewable and GTL blends,
with the magnitude of the reductions increasing with blend level. The reductions for the
renewable diesel were statistically significant for the higher blends and ranged from 12-15% for
the R50 and from 24-34% for the R100. A statistically significant 4% reduction was also found
for the R20 over the FTP. The GTL fuel showed a statistically significant reduction over the
FTP, with reductions ranging from 8% for the 20% blend to 29% for the 100% blend. Similar
reductions are found for the UDDS, FTP, and Cruise cycles indicating that cycle load does not
have a significant impact on the PM reductions.

For the THC emissions, the GTL fuel showed statistically significant reductions over the FTP
that increased with increasing blend level. These reductions ranged from 5% for the 20% blend
to 28% for the 100% blend. The renewable diesel did not show consistent trends for THC
emissions over the different test cycles. This finding was consistent with predictions based on the
EPA’s Unified Model and the associated distillation temperatures and other parameters of the
fuels that showed there should not be any significant differences between the THC emissions for
the CARB fuel in comparison with the renewable winter blend used in the study (Hodge, 2009).
Statistically significant THC reductions were found for the renewable diesel fuel for the lowest
load UDDS cycle, with the THC reductions increasing with increasing levels of the renewable
diesel fuel.

Reductions in CO emissions with the renewable diesel fuel were found for the UDDS and FTP
cycles, but not for the cruise cycle. Over these cycles, the percentage reductions increased with
increasing renewable diesel fuel blend. Over the FTP, these reductions ranged from 4% for the
R20 to 12% for the R100. The comparisons of CO emissions over the 50 mph cruise were
complicated by the changes in engine operation that were seen for that cycle, as discussed above.
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The GTL fuel also showed similar reductions over the FTP, with reductions ranging from 6% for
the GTL20 blend to 14% for the GTL100 blend.

The CO2 emissions for the neat or 100% blend renewable and GTL fuels were lower than those
for the CARB ULSD for each of the test cycles. The reduction was on the order of 2-4% for the
100% blends. This slight reduction in CO2 emissions is consistent and comparable to previous
studies of the renewable diesel fuel.

The brake specific fuel consumption increased with increasing levels of renewable and GTL
fuels. The increases in fuel consumption range from 1.0-1.4% for the R20 and 5.1 to 6.6% for the
R100. The increases in fuel consumption with blend level are slightly higher for the cruise cycle
compared to the lower load UDDS and FTP. The fuel consumption increases for the GTL ranged
from 1.3% for the 20% blend to 3.3% for the 100% blend. The fuel consumption differences are
consistent with the results from previous studies, and can be attributed to the lower density or
energy density of the renewable and GTL fuels compared to the CARB baseline fuel.

Off-Road Engine Testing Results

Tables ES-7 to ES-8 show the percentage differences and statistical analysis results for the John
Deere and TRU engines, respectively.

Table ES-7. Percentages changes and statistical analysis for the John Deere Engine.
THC CcoO NOx PM CO;
% diff Pvalue | %diff Pvalue| % diff Pvalue| % diff P value| % diff P value
Soy-based B20 -5.22% 0.498 -3.80% | 0.142 | 2.82% | 0.021 | -23.25% | 0.028 | 1.16% | 0.154
B50 | -15.12% | 0.104 | -12.43% | 0.001 | 7.63% | 0.000 | -31.75% | 0.013 | 0.87% | 0.082
B100 | -27.54% | 0.001 | -25.14% | 0.000 | 13.76% | 0.000 | -55.93% | 0.000 | 2.09% | 0.001
Animal-based| B5 -7.54% 0.442 1.32% | 0.603 | -1.00% | 0.314 | -5.63% | 0.151 | 0.48% | 0.499
B20 | -12.22% | 0.189 | -6.98% | 0.009 | 0.66% | 0.528 | -21.77% | 0.000 | 1.12% | 0.081
B100 | -47.13% | 0.001 | -29.54% | 0.000 | 7.63% | 0.000 | -55.42% | 0.000 | 1.23% | 0.069
Table ES-8. Percentages changes and statistical analysis for the TRU Engine.
THC CcoO NOx PM CO;
% diff Pvalue| % diff Pvalue| % diff Pvalue| % diff P value| % diff P value
Soy-based Series1 | B50 | -22.77% | 0.000 | -22.42% | 0.000 | 9.85% | 0.000 | -16.86% | 0.000 | 1.38% | 0.000
B100 | -57.12% | 0.000 | -49.01% | 0.000 | 21.20% | 0.000 | -37.31% | 0.000 | 2.96% | 0.000
Soy-based Series 2 B5 3.01% |0.436| -1.46% | 0.567 | 0.97% | 0.412 | -0.13% | 0.594 | -0.10% | 0.753
B20 | -5.68% | 0.153 | -8.04% | 0.005 | 2.25% | 0.086 | -6.91% | 0.011 | 0.45% | 0.114
B100 | -58.53% | 0.000 | -50.25% | 0.000 | 18.89% | 0.000 | -40.30% | 0.000 | 2.06% | 0.000

The NOy emission results for the John Deere and TRU engine testing are presented in Figures
ES-7 to ES-8, respectively, on a gram per brake horsepower hour (g/bhp-hr) basis. The NOx
emissions show general increases with increasing biodiesel blend level for both off-road engines.
The NOxy increases were statistically significant for the B100 blends and the soy-based B50
blends for both engines. The soy-based B20 blends also showed increases that were statistically
significant for the John Deere engine and statistically significant at the less than 90% confidence
level for the TRU engine. The NOy increases for the TRU engine were comparable with the ones
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obtained for the 2006 Cummins engine (9.8-13.2% for B50 & 17.4-26.6% for B100), but were
lower than the ones obtained for the 2007 MBE4000 (15.3-18.2% for B50 & 36.6-47.1% for
B100). The magnitude of the increases in NOx emissions for the John Deere engine were less
than those for either the TRU or the on-road heavy-duty engines. The animal-based biodiesel
also did not show as great a tendency to increase NOx emissions compared to the soy-based
biodiesel for the John Deere engine, with only the B100 animal-based biodiesel showing
statistically significant increases in NOx emissions of 7.6%.

NO, Emission O CARB
3.5 0S20
- 0S50
L
3 - T 0 S100
= T * - r O CARB
_g'_z.s O A5
& O A20
&2 mA100
()]
©
S1.5
<
o
> 1
k7]
£
“o.5
0
Fuel Blends

Figure ES-7. Average NOx Emission Results for the John Deere Engine
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Figure ES-8. Average NOx Emission Results for the TRU engine.
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PM emissions showed consistent reductions with increasing biodiesel blend level for both the
John Deere and the TRU engines. The magnitude of the reductions in the PM emissions for the
John Deere engine were comparable to those of the 2006 Cummins ISM engine dynamometer
tests, while the reductions seen for the TRU engine were less than those seen for the 2006
Cummins.

THC emissions showed consistent reductions with increasing biodiesel blend level for both the
John Deere and the TRU engines. The magnitude of the reductions in the PM emissions
depended on the specific engine/fuel/blend level combination. The THC reductions for the off-
road engines were generally either comparable to slightly less than those seen for the 2006
Cummins ISM engine dynamometer testing.

CO emissions showed consistent reductions with increasing biodiesel blend level for both the
John Deere and TRU engines. The CO reductions for the John Deere engine were comparable to
those seen for the animal-based biodiesel for the 2006 Cummins ISM engine for the engine
dynamometer testing, while the CO reductions for the TRU engine were generally greater than
those found for the 2006 Cummins.

CO- emissions showed some slight increases (i.e., 1-3%) for the biodiesel blends for both the
John Deere and TRU engines. These increases were statistically significant for the TRU engine
for both the B50 and B100 blends on the first series of tests and for the B100 blend on the second
series of tests. Increases of 1-5% in CO. emissions were also seen for the 2006 Cummins and
2007 MBE4000 in the on-road engine dynamometer testing. For the TRU engine, N.O and CH4
emissions were characterized along with CO to provide total tailpipe greenhouse gases. These
results showed that the B50 and B100 blends produced some increases in tailpipe greenhouse gas
equivalent emissions relative to the CARB diesel. It must be emphasized that these increases
represent only the tailpipe contribution to the greenhouse gas emissions. The actual contribution
of each fuel towards total greenhouse gas emissions would need to be assessed through a full
lifecycle analysis, which would account for the emissions attributed to harvesting, extracting,
and producing the various fuels.

Heavy-Duty Chassis Dynamometer Testing Results — Regulated and Unregulated Emissions

Tables ES-9 through ES-11 show the percentage differences and the statistical analysis results
for the vehicles equipped with 2000 Caterpillar C-15, 2006 Cummins ISM, and the 2007
MBE4000 engines, respectively. The shaded results represent p-values that were statistically
significant or marginally statistically significant (i.e., a p-value between 0.05 and 0.1).

The NOx emission results for the chassis dynamometer testing of the vehicles with the three
engines discussed above are presented in Figures ES-9 to ES-11, respectively, on a gram per
mile (g/mile) basis. For the heavy-duty chassis results, the NOx emissions showed a consistent
trend of increasing emissions with increasing biodiesel blend level. These differences were
statistically significant or marginally statistically significant for nearly all of the test sequences
for the B50 and B100 fuels, and for some B20 blends, but not others. The percentage increases
for the NOx emissions with biodiesel were generally greater for soy-based biodiesel compared

x|



with the animal-based biodiesel. The magnitude of the increases in NOx emissions for the
biodiesel blends for the 2006 Cummins ISM engine were either greater than or comparable to
those found for the engine testing on this engine. For the 2007 MBE4000, the overall NOx
increases are in the same range for the chassis and engine dynamometer testing, with some
differences seen for cycle/fuel/blend level combinations. The results for the renewable diesel fuel
showed NOx reductions for the UDDS cycle, but not statistically significant reductions over the
50-mph cruise cycle, except at the 100% blend level. The magnitude of the reductions found for
the renewable diesel was similar to those found in the engine testing.

PM emissions showed consistent reductions for the all biodiesel blends and both cycles, with the
magnitude of the reductions increasing with blend level for the 2000 Caterpillar C-15 and the
2006 Cummins ISM. These reductions were statistically significant for nearly all of the B50 and
B100 cases, but for only a subset of the B20 results. The PM emissions reductions for the chassis
dynamometer testing are comparable to the reductions seen in the engine testing for the 2006
Cummins ISM engine for most testing combinations. The renewable blend also showed some
statistically significant PM reductions for the R100 on the 2000 Caterpillar C-15, but no
consistent trends for the other blend levels. PM emissions did not show any consistent trends for
the DPF equipped 2007 MBE4000, since most of the combustion-related PM is eliminated by the
DPF.

THC emissions showed reductions for the B100 for nearly all cycles for the non-DPF equipped
engines and for the B50 for the 2006 Cummins ISM and the B50 animal-based biodiesel for the
2000 Caterpillar C-15. The reductions for the highest blend levels are less than those seen in the
corresponding engine tests for the Cummins ISM and for the EPA estimates. The renewable
diesel also showed lower THC emissions, but these were only statistically significant or
marginally statistically significant for the R100 for the 2000 Caterpillar C-15 over the UDDS
cycle.

CO emission results showed consistent and generally significant reductions for all biodiesel
blends for the non-DPF-equipped engines, with higher reductions with increasing blend levels.
The CO reductions were statistically significant for most of the B50 and B100 blends, and some
of the B20 blends. For the renewable diesel, both the R50 and R100 showed reductions in CO
that were either statistically significant or marginally statistically significant. CO emissions did
not show consistent trends for the DPF equipped 2007 MBE4000, although statistically
significant CO reductions were found for the B100 soy-based and animal-based blends for the
UDDS cycle.

CO:2 emissions showed some reductions for the R100 and R50 fuels for the 2000 Caterpillar C-
15 and some increases for the animal-based and soy-based biodiesel blends for the 2007
MBE4000, although these trends are not consistent across the range of vehicles/engines testing
on the chassis dynamometer. The CO> increases fall within the 1-5% range that was seen in the
heavy-duty engine dynamometer testing for the various biodiesel blends.
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Figure ES-9. Average NOx Emission Results for the Soy- and Animal-Biodiesel and
Renewable Diesel Blends for 2000 Caterpillar C-15
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Figure ES-10. Average NOx Emission Results for the Soy- and Animal-Biodiesel and
Renewable Diesel Blends for 2006 Cummins
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Figure ES-11. Average NOx Emission Results for the Soy- and Animal-Biodiesel and
Renewable Diesel Blends for 2007 MBE 4000

The VOC emissions measured for the chassis testing included benzene, toluene, ethylebenzene,
1,3-butadiene, m-/p-xylene and o-xylene. The VOC emissions typically only showed trends for
the higher biodiesel blend levels, with the emissions for biodiesel being lower than those for
CARB. Generally, the reductions in aromatic VOCs were consistent with the reduction in
aromatics in the fuel. For the lower biodiesel blend levels, the differences with the CARB diesel
were typically not significant. VOC emissions were typically higher on a g/mi basis for the
UDDS cycle compared with the 50 mph Cruise cycle. Benzene emissions were the highest of the
VVOCs for both test cycles and each of the fuels for the Caterpillar C-15, while benzene and 1,3-
butadiene were the highest VOCs for the Cummins ISM.

The PM mass was composed predominantly of carbonaceous material for all fuel combinations.
The total carbon and the elemental carbon components of the PM both showed reductions
increasing in magnitude at progressively higher biodiesel blends. Both of these trends are
consistent with the overall reduction in PM mass with higher biodiesel levels. The organic
carbon levels did not show significant differences between the different fuel blends, and in fact
were relatively flat as a function of blend level. The renewable diesel blends showed trends of
decreasing elemental and total carbon emissions as a function of blend level, but this was only
statistically significant for the R100 fuel.

The ion and trace element emissions were generally very low, comprising less than 1% and 2%,
respectively, of the total PM mass and did not show any consistent trends between the different
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fuels. Overall, it does not appear that biodiesel or renewable blends will have a significant
impact on ion or trace element emissions, based on the results of this study.

Particle number (PN) showed some differences between fuels, but in general, the differences in
PN were not as consistent as those found for PM mass, and they did not follow the same trends
that were observed for the PM mass. Particle size distributions showed an increase in nucleation
and a decrease in accumulation mode particles for the biodiesels for the non-DPF equipped
vehicles, and an opposite increase in accumulation modes particles and a decrease in nucleation
for the biodiesel for the DPF-equipped vehicle. Particle length measurements were relatively
similar over the whole spectrum of fuel types and driving conditions for the 2006 Cummins
vehicle, and for the 2007 MBE4000 vehicle showed some increase for the B100 blends for the
UDDS and some decreases for the intermediate blends for the 2006 Cummins vehicle. Particle-
bound PAHSs showed a consistent trend of decreasing pPAHs with increasing biodiesel level for
the 2006 Cummins ISM vehicle, but showed some increases in pPAHs for the 2007 MBE4000,
corresponding to an increase in accumulation mode particles.
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Table ES-9. Percentages changes and associated statistical p values for Soy-based, Animal-based and Renewable blends
relative to CARB for the 2000 Caterpillar C-15.

THC CcoO NOx PM CO2 BSFC

Blend . . . % % .
Cycle Fuel level % diff P value % diff P value | % diff P value diff P value diff Pvalue | %diff P value
UDDS Soy-based B20 -2% 0.893 -9% 0.018 1% 0.252 | -30% | 0.118 -1% | 0.529 1% 0.547
B50 -9% 0.470 -25% 0.000 16% 0.000 | -59% | 0.009 -2% | 0.425 2% 0.430
B100 -40% 0.002 -32% 0.000 27% 0.000 | -78% | 0.003 -1% | 0.705 1% 0.621
50 mph Cruise B20 0% 0.982 -9% 0.305 -3% 0.334 | :23% | 0.053 -1% | 0.813 1% 0.822
B50 -14% 0.173 -20% 0.025 10% 0.082 | -51% | 0.004 0% 0.970 0% 0.969
B100 -41% 0.011 -37% 0.006 21% 0.000 | -67% | 0.002 1% 0.794 -1% 0.792

B20-2 0% -20% 5% -32% -1% 1%
uUDDS Animal-Based B20 -3% 0.763 -13% 0.007 0% 0.779 | :31% | 0.076 1% 0.534 -2% 0.333
B50 -28% 0.004 -27% 0.000 7% 0.000 | -49% | 0.003 -1% | 0.669 0% 0.726
B100 -52% 0.000 -41% 0.000 15% 0.000 | -79% | 0.002 1% 0.542 0% 0.726
B20-2 -14% 0.137 -12% 0.001 5% 0.000 | -46% | 0.039 -1% | 0.141 1% 0.147
B100-2 -53% 0.003 -46% 0.000 12% 0.000 | -82% -2% | 0.128 3% 0.081
50 mph Cruise B20 -9% 0.054 -12% 0.125 3% 0.028 | -14% | 0.346 0% 0.713 0% 0.916
B50 -22% 0.005 -27% 0.006 10% 0.002 | -37% | 0.050 1% 0.326 -1% 0.488
B100 -55% 0.000 -45% 0.000 19% 0.001 | -59% | 0.023 2% 0.163 -1% 0.366

B100-2 -53% -45% 16% -71% 1% -1%
uUDDS Renewable B20 -9% 0.169 -1% 0.810 -4% 0.027 -4% 0.510 -1% | 0.279 1% 0.401
B50 -11% 0.119 -9% 0.011 | -12% | 0.003 | -26% | 0.022 -4% | 0.003 4% 0.002
B100 -22% 0.003 -15% 0.000 | -10% | 0.000 | -33% | 0.002 -4% | 0.004 4% 0.001
50 mph Cruise B20 3% 0.627 -6% 0.252 -1% 0.753 -71% 0.576 -1% | 0.454 1% 0.385
B50 -6% 0.402 -12% 0.081 -3% 0.306 1% 0.962 -2% | 0.047 2% 0.034
B100 -12% 0.103 -21% 0.007 -6% 0.101 | :22% | 0.086 -3% | 0.005 3% 0.003
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Table ES-10. Percentages changes and associated statistical p values for Soy-based, Animal-based and Renewable blends
relative to CARB for the 2006 Cummins ISM.

THC CcO NOx PM CO; BSFC
Blend % . % % % .
0, 0

Cycle Fuel level diff P value | % diff P value diff P value diff P value diff P value| % diff P value
UDDS Soy-based B20 7% 0.084 -13% | 0.044 | 8% 0.001 | -25% | 0.144 | -3% | 0.024 3% 0.027
B50 -18% 0.001 -16% 0.016 | 14% | 0.000 | -40% | 0.033 | -1% | 0.407 1% 0.418

B100 -35% 0.000 -8% 0.275 | 24% | 0.000 | -55% | 0.011 1% | 0.580 -1% 0.594

50 mph Cruise B20 -3% 0.285 7% 0.118 5% 0:059 | 2% | 0.890 | -2% | 0.133 2% 0.137
B50 -10% 0.003 -17% 0.002 | 16% | 0.000 | -32% | 0.033 | -1% | 0.327 1% 0.333

B100 -23% 0.000 -24% 0.000 | 34% | 0.000 | -39% | 0.005 2% | 0.098 -2% 0.110

ubDDS Animal-Based| B20 -5% 0.229 -3% 0.680 4% 0.019 | -12% | 0.470 0% | 0.809 0% 0.864
B50 -18% 0.000 -25% 0.001 2% 0.018 | -39% | 0.036 | -1% | 0.521 1% 0.499

B100 -42% 0.000 -32% 0.000 9% 0.000 | -62% | 0.006 2% | 0.195 -2% 0.204

50 mph Cruise B20 -4% 0.133 -5% 0.289 2% 0.348 | -6% | 0.614 0% | 0.762 0% 0.776
B50 -12% 0.001 -17% 0.002 | 10% | 0.000 | =33% | 0.065 | -1% | 0.294 1% 0.328

B100 27% 0.000 -27% 0.000 | 19% | 0.000 | -42% | 0.008 1% | 0.484 -1% 0.503
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Table ES-11. Percentages changes and associated statistical p values for Soy-based, Animal-based and Renewable blends
relative to CARB for the 2007 MBE4000.

THC CO NOx PM CO2 BSFC
Cycle Fuel ?elsr;:i dol/?f P value | % diff P value doi/;‘)f P value doi/lgf P value doi/lgf P value| % diff P value
UDDS Soy-based B20 -15% | 0.613 -14% | 0.579 5% 0.000 | 6% | 0732 | 0% | 0.714 0% 0.260
B50 53% | 0.046 -32% | 0.160 | 13% | 0.000 | 76% | 0.003 | 0% | 0.330 0% 0.346
B100 | -76% | 0.004 -48% | 0.027 | 36% | 0.000 | 1% | 0.959 | 2% | 0.000 2% 0.000
50 mph Cruise B20 -14% | 0.606 7% 0.753 3% 0286 | 17% | 0419 | 1% | 0.165 -1% 0.290
B50 14% 0.806 -6% 0763 | 11% | 0.021 | 19% | 0.442 | 1% | 0.087 -1% 0.297
B100 0% 0.808 -1% 0.793 | 35% | 0.000 | 114% | 0.000 | 3% | 0.001 2% 0.032
UDDS Animal-Based| B20 -26% | 0.494 -18% | 0.561 2% 0.318 | 17% | 0478 | 3% | 0.000 2% 0.059
B50 -48% | 0.195 26% | 0.384 | 11% | 0.000 | -11% | 0.613 | 4% | 0.000 -6% 0.000
B100 | -83% | 0.031 61% | 0.048 | 28% | 0.000 | 33% | 0.227 | 5% | 0.000 -4% 0.000
50 mph Cruise B20 -6% 0.750 -4% 0770 | -2% | 0556 | -10% | 0502 | 1% | 0.011
B50 -14% | 0.750 -4% 0.800 | 4% 0.354 | -16% | 0.294 | 4% | 0.080
B100 | -14% | 0.778 -5% 0.782 | 28% | 0.000 | 188% | 0.012 | 2% | 0.001
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NOyx Mitigation Results — Engine Testing

Tables ES-12 and ES-13 show the percentage differences for the NOx mitigation formulations
compared with the CARB ULSD for different blend levels and test cycles for the 2006 Cummins
ISM and the 2007 MBE4000, respectively, along with the associated p-values for statistical
comparisons using a 2-tailed, 2 sample equal variance t-test. The shaded regions represent the
formulations that provided NOx neutrality relative to the CARB ULSD. The NOx emission
results for the various mitigation strategies are presented in Figures ES-12 and ES-13 on a gram
per brake horsepower hour basis for the 2006 Cummins ISM and the 2007 MBE4000,
respectively. The results for each test cycle/blend level combination represent the average of all
test runs done on that particular combination within a particular test period. For the 2006
Cummins ISM, the NOx mitigation testing was conducted over three separate test periods, the
results of which are separated by the vertical lines in the figure. All comparisons with the CARB
diesel are based on the CARB diesel results from that specific test period, so that the impacts of
drift between different test periods were minimized.

The impact of biodiesel on NOx emissions depends on the feedstock or fundamental properties of
the biodiesel being blended. Blends of two biodiesels with different emissions impacts for NOx
provides a blend that shows a NOx impact that is intermediate between the two primary biodiesel
feedstocks. This can be seen for the results of the CARB80/B10-S/B10-A, which showed a NOx
increase intermediate to that of the B20-S and the B20-A. This indicates that the NOy impact for
a particular biodiesel feedstock can be mitigated in part by blending with another biodiesel
feedstock with a lower tendency for increasing NOx.

Two additives were tested for NOx mitigation for 2006 Cummins engine, 2-EHN and DTBP. Of
these two additives, the DTBP was effective in this testing configuration. A 1% DTBP additive
blend was found to fully mitigate the NOx impacts for a B20 and B10 soy biodiesel. The 2-EHN
was tested at 1% level in both a B20-soy and B5-soy blend and did not show any significant NOx
reductions from the pure blends.

The testing showed that renewable diesel fuels can be blended with biodiesel to mitigate the NOx
impact. This included higher levels of renewable diesel (R80 or R55) with a B20-soy biodiesel.
Several lower level blends, designed to be more comparable to those that could potentially be
used to meet the low carbon fuel standard, also showed NOyx neutrality, including a
CARB75/R20/B5-soy blend, a CARB80/R13/B3-soy/B4-animal blend, a CARB80/R15/B5-soy
blend, and a CARB80/GTL15/B5-soy blend. Overall, the renewable and GTL diesels provide
comparable levels of reductions for NOx neutrality at the 15% blend level with a B5-soy.

The level of renewable or GTL diesel fuels can be reduced if a biodiesel fuel with more
favorable NOx characteristics is used. This is demonstrated by the success of the
CARB80/R13/B3-S/B4-A blend that combined both the soy and animal-based biodiesel. The use
of an additive in conjunction with lower levels of renewable diesel and GTL can also be used to
provide NOx neutrality, as shown by the success of the CARB80/R10/B10-S 0.25% DTBP blend.
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For the 2007 MBE4000 engine only two blends were tested. The blends included a
CARBB80/R15/B5-soy and, a B-5 soy with a 0.25% DTBP additive. Of these two blends, only the
CARB95/B5-S 0.25% DTBP blend was found to provide NOx neutrality. Overall, it appears that
different strategies will provide mitigation for different engines, but that the specific response
will vary somewhat from engine to engine.

The NOx mitigation formulations for the 2006 Cummins showed reductions in PM, THC, and
CO that were consistent with those for the biodiesel and renewable diesel fuels by themselves,
with some slightly larger reductions seen when higher levels of biodiesel and renewable diesel
were combined or when additives were used. For the 2007 MBE4000, the differences in PM,
THC, and CO were generally not statistically significant due to the low emissions levels from the
DPF. For CO., between the two engines, about half of the formulations showed statistically
significant differences. This included reductions for some of the higher blends that were on the
order of 2% or less, consistent with the main test results, as well as some mixed results of
increases in CO2 emissions that would need to be verified with further testing. Fuel consumption
was also higher for all the NOx formulations, consistent with expectations, with increases
ranging up to ~6% for the higher blend levels.

Table ES-12. Percentages changes for GTL blends relative to CARB and associated
statistical p values 2006 Cummins ISM

THC Co NOy PM CO; BSFC

% % % %

diff Pvalue | diff P value | % diff Pvalue | diff P value | % diff Pvalue | diff P value
B5-S -1% | 0.087 | -1% | 0471 | 2.2% | 0.000 | -6% | 0.000 | 0.1% | 0.816 | 0.3% | 0.228
B10-S -6% | 0.000 | -2% | 0.171 | 2.6% | 0.000 | -17% | 0.000 | -0.1% | 0.569 | 0.3% | 0.167
B20 - S* -11% | 0.000 | -3% | 0.078 | 6.6% | 0.000 | -25% | 0.000 | 0.4% | 0.309 | 1.4% | 0.001
B20-S 1% DTBP | -16% | 0.000 | -19% | 0.000 | 0.0% | 0.959 | -16% | 0.000 | -0.9% | 0.000 | 0.1% | 0.748
B10-S1% DTBP | -9% | 0.000 | -14% | 0.000 | -1.1% | 0.002 | -6% | 0.000 | -0.2% | 0.258 | 0.2% | 0.445
B20-S 1% 2-EHN| -16% | 0.000 | -15% | 0.000 | 6.3% | 0.000 | -17% | 0.000 | 0.2% | 0.362 | 1.2% | 0.000
B5-S 1% 2-EHN -6% | 0.000 | -12% | 0.000 | 3.1% | 0.000 | -4% | 0.007 | -0.1% | 0.782 | 0.1% | 0.564
R80/B20-soy -13% | 0.000 | -16% | 0.000 | =3.0% | 0.000 | -47% | 0.000 | -2.0% | 0.000 | 5.7% | 0.000
C25/R55/B20-S -12% | 0.000 | -13% | 0.000 | -0.8% | 0.029 | -40% | 0.000 | -1.5% | 0.000 | 4.1% | 0.000
C70/R20/B10-S -8% | 0.000 | -3% | 0.013 | 0.9% | 0.014 | -17% | 0.000 | -0.4% | 0.059 | 1.7% | 0.000
C75/R20/B5-S -3% | 0014 | -3% | 0.048 | 0.2% | 0.674 | -11% | 0.000 | 0.3% | 0.309 | 2.2% | 0.000
C80/B10-S/B10-A| -12% | 0.000 | -6% | 0.000 | 3.9% | 0.000 | -26% | 0.000 | 1.2% | 0.003 | 2.2% | 0.000
C80/R15/B5-S -3% | 0.024 | -4% | 0.000 | 0.7% | 0.117 | -11% | 0.000 | 0.2% | 0.686 | 1.6% | 0.000
C80/R13/B3-
S/B4-A 2% | 0.039 | -4% | 0.005 | -0.3% | 0.501 | -9% | 0.000 | 0.4% | 0.251 | 1.9% | 0.000
C53/G27/B20-S -21% | 0.000 | -10% | 0.000 | 2.1% | 0.000 | -32% | 0.000 | -1.4% | 0.001 | 1.3% | 0.002
C80/G10/B10-S -7% | 0.000 | -5% | 0.000 | 2.4% | 0.000 | -18% | 0.000 | 0.6% | 0.150 | 1.7% | 0.000
C80/G15/B5-S -7% | 0.000 | -5% | 0.000 | :0.7% | 0.068 | -9% | 0.000 | -0.6% | 0.018 | 0.6% | 0.010
C80/R10/B10-S
0.25% DTBP -9% | 0.000 | -11% | 0.000 | :1.3% | 0.002 | -11% | 0.000 | -0.8% | 0.006 | 0.5% | 0.081

Notes: C = CARB ULSD; R = renewable, G = GTL; Bxx = biodiesel blend level; S = soy biodiesel; A = animal
biodiesel; * from testing with the soy-biodiesel feedstock
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Table ES-13. Percentages changes for GTL blends relative to CARB and associated
statistical p values 2007 MBE4000

THC

%
diff

P value

CO NOx

% %
diff P value diff P

%

value 9
diff

PM

P value

CO2 BSFC

% %
diff P value diff P value

CARBB80/R15/B5-S| 25% | 0

240 | -27% | 0.000 | 1.1% | 0.029 | -126.0

% | 0.551

0.2% | 0.061 | 1.2% | 0.000

B5-S 0.25% DTB

Pl 50% | O

040 | -9% | 0.127 | 0:4% | 0.175 88%

0.694

0.5% | 0.003 | 0.7% | 0.000

Notes: C = CARB ULSD; R = renewable, G = GTL; Bxx = bhiodiesel blend level; S = soy biodiesel; A = animal

biodiesel
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Figure ES-12. Average NOx Emissions: NOx Mitigation Formulations - 2006 Cummins ISM
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Figure ES-13. Average NOx Emissions: NOx Mitigation Formulations - 2007 MBE4000
Toxicological Characterization — Chassis Testing Results:

The toxicity testing phase of the study, as described in the Methods section, was conducted on
the CARB MTA Heavy Duty Chassis Dynamometer testing facility. The vehicles equipped with
a 2000 Caterpillar C-15 engine and a 2007 MBE4000 engine were tested for this part of the
program. The testing included the baseline CARB diesel, two biodiesel feedstocks (one soy-
based and one animal-based) tested on blend levels of B20, B50, and B100% and the renewable
diesel fuel at a R20, R50 and R100 blend levels. The data were mostly collected for a UDDS test
cycle, with carbonyls also being collected for the 50 mph Cruise test cycle. For the carbonyls, the
2006 ISM Cummins vehicle was also tested.

Carbonyl emissions - The results show that formaldehyde and acetaldenyde were the most
prominent carbonyls, consistent with previous studies. Acetone emissions were also prominent
for the 2000 Caterpillar C-15. The carbonyl emissions for the 2000 Caterpillar C-15 and the
Cummins ISM were considerably higher than those for the DPF-equipped 2007 MBE4000.
There was also a trend of higher emissions for the UDDS than the 50-mph cruise for the 2000
Caterpillar C-15 and for formaldehyde and acetaldehyde for the 2007 MBE4000. This trend was
not seen for the 2006 Cummins ISM. Overall, carbonyl emissions did not show any consistent
trends between different fuels.

Reactive carbonyl emissions - The results showed that certain reactive carbonyls were higher for
the 2000 Caterpillar C-15 for the soy-based B50 and B100 and the animal-based B50 and B100
fuels, including acrolein. There were also trends of lower aromatic aldehyde emissions for the
pure biodiesel fuels compared to CARB diesel. The reactive carbonyls did not show any



differences for the renewable diesel relative to the CARB diesel for the 2000 Caterpillar C-15.
Overall, the reactive carbonyl emissions were much lower for the 2007 MBE4000 in comparison
with the 2000 Caterpillar C-15.

PAH emissions for the 2000 Caterpillar C-15 vehicle were investigated for the CARB diesel, the
soy- and animal- based biodiesel, renewable diesel, and their respective blends with the CARB
diesel (20% and 50%) over the UDDS cycle, both in the particle and vapor-phases. They also
were investigated for the 2007 MBE4000 vehicle for the CARB, soy biodiesel and their blends
(20% and 50%). PAH emissions for the 2000 Caterpillar C-15 vehicle decreased as a function of
increasing blend level of soy biodiesel, animal-based biodiesel and renewable diesel. Emission
reductions for different feedstocks were generally similar, except that the reduction in renewable
diesel for particle associated PAHs was slightly lower than the reductions observed for the soy-
and animal-based biodiesels. This may be explained by relatively higher PM emissions from
renewable diesel compared to the soy or animal biodiesel. For the 2007 MBE4000 vehicle, the
concentrations were orders of magnitude lower than for the 2000 Caterpillar C-15 vehicle,
essentially masking any significant differences between CARB diesel, soy biodiesel, and the
blends. The results indicate that the DPF for the 2007 MBE4000 was effective in reducing PAH
emissions both in the particle and in the vapor-phase.

Nitro-PAH emissions were measured in the same particle and vapor phase samples as for PAHs
for the 2000 Caterpillar C-15 and 2007 MBE4000 vehicles. The concentrations of nitro-PAHs
were orders of magnitude lower than the corresponding PAHSs. A trend was clearly observed for
the 2000 Caterpillar C-15 vehicle, however. Nitro-PAH emissions for the 2000 Caterpillar C-15
vehicle decreased as a function of increasing blend levels of soy biodiesel, animal-based
biodiesel, and renewable diesel. Emission reductions for different feedstocks were similar.
However, for semivolatile nitro-PAHSs, the renewable diesel may be slightly more effective in
reducing emissions than soy- or animal-based biodiesels. For the 2007 MBE4000 vehicle, nitro-
PAHs were detected in low concentrations, essentially masking any significant differences
between CARB diesel, soy biodiesel, and the blends. The DPF for the 2007 MBE4000 was
effective in reducing nitro-PAH emissions.

Oxy-PAH emissions over the UDDS cycle were investigated in the particle samples for the 2000
Caterpillar C-15 vehicle only. The results were obtained for the CARB diesel, the soy and
animal- based biodiesel, renewable diesel, and their respective blends with the CARB diesel
(20% and 50%), except the soy 100% biodiesel was not analyzed due to the sample availability.
Emissions of some oxy-PAHs were as high as the volatile PAHs, and much higher than nitro-
PAHs. The emission trends observed for biodiesel and renewable diesel were different for
different compounds. For example, the results for 1,2-naphthoquinone (2-ring oxy-PAH) showed
generally higher emissions in soy and animal-based biodiesels compared to CARB diesel,
whereas perinaphthenone, 9-fluorenone, and 1,8-naphthalic anhydride (3-ring oxy-PAHS)
emissions decreased in animal biodiesel and renewable diesel.

Genotoxicity - Mutagen emissions — Mutagen emissions generally decreased as a function of
increasing biodiesel blend level for the 2000 Caterpillar C-15 vehicle. For the 2000 Caterpillar
C-15 PM samples, the TA98 strains (+ or — S9) were more sensitive than the TA100 strains for
all fuels. The vapor phase samples showed lower mutagen emissions than the PM samples, and



the TA100 strain measurements were slightly more sensitive for vapor phase samples. For the
2007 MBE4000 vehicle, the mutagen emissions, in general, were considerably lower for both
particle and vapor-phase than emissions from the 2000 Caterpillar C-15 vehicle. The levels were
orders of magnitude lower for the PM and many fold lower for the vapor-phase than the
emissions from the 2000 Caterpillar C-15 vehicle.

Inflammatory and oxidative response — CARB diesel, biodiesel, and renewable diesel all induced
inflammatory markers, such as COX-2 and IL-8 in human macrophages and the mucin related
MUCS5AC markers in Clara type cells. In general, the emissions of the inflammatory markers
were higher in the 2000 Caterpillar C-15 engine vehicle than the 2007 MBE4000 engine vehicle.

Comet assay result — At the limited dose levels tested, there was little increase of chromosomal
damage (gross DNA damage) from the various fuels tested, including the CARB diesel.



1.0 Introduction

There is currently a growing interest in increasing the use of alternative fuels in transportation
applications to reduce oil dependency, greenhouse gases, and air pollution. In California,
AB1007 requires the California Air Resources Board (CARB) and California Energy
Commission (CEC) to develop a plan to increase alternative fuels use in California (Pavley,
2005). Other initiatives include the Global Warming Solutions Act, AB32 (Nunez/Pavley 2006),
which requires California to develop regulations that will reduce greenhouse gas emissions to
1990 levels by 2020, and CARB’s Low Carbon Fuel Standard (LCFS) that will reduce the
carbon intensity of fuels, measured on a full lifecycle basis, by 10% by 2020 (CARB, 2010). At
the Federal level, the Energy Policy Act of 2005 (US Congress, 2005). and its associated
amendments and Renewable Fuels Standards (RFS1, 2007; RFS2, 2010), also contain provisions
to increase the use of renewable transportation fuels over the next decade.

CARB has identified biodiesel as a potential strategy in meeting these regulatory goals for diesel
fuel. Biodiesel and renewable diesel are alternative diesel fuels that have the potential to reduce
greenhouse gas emissions, other pollutants, and can partially offset our use of petroleum-based
fuels. However, knowledge gaps exist and further research is needed in characterizing the impact
biodiesel and renewable diesel have on oxides of nitrogen (NOx) emissions, the effects various
feedstocks have on air emissions, and the effect biodiesel has on emissions from non-road and
newer on-road diesel engines. This research is needed to conduct lifecycle analyses and to
determine the potential health and environmental benefits and disbenefits of biodiesel.
Additionally, for the conditions under which NOx is found to increase, it is important to identify
methods which can mitigate the NOy increases.

The impact of biodiesel on emissions has been the subject of numerous studies over the past 20
years. Looking at the available literature as a whole, studies have generally shown hydrocarbons
(HC), carbon monoxide (CO), and particulate matter (PM) are reduced using biodiesel, while
trends for NOx emissions have been less clear. The US EPA conducted a comprehensive
assessment of the impact of biodiesel on pre-2002 engines (US EPA, 2002). Most of the studies
cited in this report were on soy-based biodiesel in comparison with an average federal diesel
base fuel. Based on this analysis, it was estimated that a soy-based biodiesel at a B20 level would
increase NOx emissions about 2% compared to an average Federal base fuel. Additional analyses
in this same study did indicate that the impacts of biodiesel on NOx emissions using a cleaner
base fuel, more comparable to that utilized in California, could be greater than that found for the
average Federal fuel, but data was more limited in this area. Clean diesel fuels were defined by
EPA as diesel fuels meeting the CARB requirements for sale in California, or diesel fuels with
cetane numbers greater than 52, aromatic contents less than 25 vol.%, and specific gravities less
than 0.84.

Researchers at the National Renewable Energy Laboratory (NREL) conducted further analysis of
more recent engine and chassis dynamometer test results (McCormick et al., 2006). These
researchers noted that nearly half of the data observations used for the EPA’s analysis were
1991-1997 DDC engines, with a majority of these being the Series 60 model, so the analysis
might not be representative of a wider range of technologies. They also noted that the engine
testing results were highly variable for NOy, with percentage changes for NOx ranging from -7%



to +7%. Reviewing more recent studies of newer engines, these researchers found an average
change in NOx emissions for the more recent engine studies of -0.6%%2.0%. Similar results were
found for recent chassis dynamometer tests, which when the results were combined yielded an
average change of 0.9%z=+1.5%. Hoekman et al. (2009) also conducted an extensive analysis of
the literature on emissions impacts of biodiesel. They evaluated results for heavy-duty engines,
light-duty engines, and single cylinder engines, and suggested a best estimate for the NOx impact
for biodiesel was a 2-3% increase at a B100 level, with NOx emissions unchanged for
conventional diesel fuel for B20 blends. Many of these studies are limited in their direct
application to California, however, because exhaust emissions from diesel engines fueled with
biodiesel were not compared to these engines fueled with CARB diesel, or because they use only
soy-based biodiesel that may not be the major feedstock used in California. Additionally, most of
these studies are not as extensive as the testing requirements used in the certification of CARB
alternative diesel formulations, which require fuels to be shown to be equivalent to a 10%
aromatic reference diesel fuel over a test sequence of 20 or more iterations (CARB, 2004).

Research has also suggested that the impact of biodiesel on NOx emissions can depend on
operating conditions, load, or engine configuration (McCormick et al. 2006; Sze et al. 2007).
Studies have also shown that operating condition and load can impact the effects of biodiesel on
emissions and NOx. The US EPA conducted some analysis of the impact of test cycle on
biodiesel emissions impacts (Sze et al. 2007). They found that biodiesel increased NOx emissions
over different test cycles from 0.9 to 6.6% for a B20 blend, with the change in NOx emissions
increasing linearly with the average cycle load. Some studies have also examined mechanisms
via which biodiesel might impact NOx emissions. Researchers have suggested a number of
explanations including chemical structure (McCormick et al., 2001; Ban Weiss et al., 2005), such
as fatty chain length and number of double bonds, an advancement in timing related to bulk
modulus (Szybist et al., 2003 a,b), and/or increases in combustion temperature (Cheng et al.
2007). Researchers at Cummins Inc. have also shown that both the combustion process and the
engine control system must be taken into account when determining the net NOy effect of
biodiesel compared to conventional diesel fuel (Eckerle et al. 2008).

Given the range of results in the literature, and the limited extent of studies with CARB-like
diesel, further research is needed to understand the impacts biodiesel would have in California
with widespread use. If biodiesel blends are determined to increase NOx emissions, then it is
important to find mitigation strategies that make biodiesel NOx neutral or better when compared
to CARB diesel use. It is known that the properties of diesel fuel can affect the emissions of NOx
as well as other emission components (Miller, 2003). It is possible that the fuel specifications of
diesel fuel can be altered such that any negative impacts of biodiesel in a blend could be
overcome or such that the properties of biodiesel blends could be made such that the blend would
have the same properties as a typical diesel fuel. Biodiesel could potentially even be incorporated
into more traditional petroleum refinery processes as a feedstock. The use of additives and cetane
improvers has also shown some potential for reducing NOx emissions from biodiesel blends
(McCormick et al., 2002, 2005; Sharp, 1994).

To facilitate the introduction of a larger percent of renewable fuels into use and better
characterize the emissions impacts of renewable fuels under a variety of conditions, CARB
implemented one of the most comprehensive studies of renewable and CARB certified diesel



fuels to date. This program was coordinated by CARB in conjunction with researchers from the
University of California Riverside (UCR), the University of California Davis (UCD), and others
including Arizona State University (ASU). The focus of this research study is on understanding
and, to the extent possible, mitigating any impact that biodiesel has on NOx emissions from
diesel engines. This program incorporates heavy-duty engine dynamometer testing, heavy-duty
chassis dynamometer vehicle testing, and testing of non-road engines on a range of biodiesel and
renewable diesel fuels. This includes heavy-duty diesel engines from different vintages,
including a 2007 with a diesel particle filter (DPF) engine, a 2000 engine, a 2006 engine, a 2010
engine with a DPF and selective catalytic reduction (SCR), and two non-road engines. The
testing included soy-based and animal-based biodiesels tested at blend levels of B5, B20, B50,
and B100, a renewable or biomass-to-liquid (BTL) diesel fuel and a gas-to-liquid (GTL) diesel
fuel at 20%, 50% and 100% blend levels, and other fuel formulations/additive combinations
designed to mitigate any potential increases in NOx emissions with biodiesel. Testing was
conducted on several cycles designed to represent low, medium, and high power engine
operation, such that the effects of biodiesel on NOx emissions can be understood over a range of
different operating conditions. This report discusses the results and conclusions for all elements
of this study. This study provides an important assessment of the potential impact of renewable
fuel use in California and a basis for the development of NOx mitigation strategies for meeting
CARSB regulations. This study also makes an important contribution to the scientific knowledge
of the impacts of biodiesel with “clean” or CARB-like diesel in heavy-duty engines.



2.0 Experimental Procedures — On-Road, Heavy-Duty Engine Dynamometer
Testing

2.1 Test Fuels

The test fuels for this program included 5 primary fuels that were subsequently blended at
various levels to comprise the full test matrix.

A CARB-certified ultralow sulfur diesel (ULSD) fuel was the baseline for testing. The CARB
fuel was obtained from a California refinery. The properties of the fuel were reviewed by CARB
staff prior to selection to ensure they were consistent with those of a typical ULSD in California.
The key target parameters evaluated included aromatics, sulfur, and cetane number.

Two biodiesel feedstocks were utilized for testing, including one soy-based and animal-based
biodiesel fuel. These fuels were selected to provide a range of properties that are representative
of typical feedstocks, but also to have feedstocks representing different characteristics of
biodiesel in terms of cetane number and degree of saturation.

A renewable feedstock and a gas-to-liquid (GTL) diesel were also used for testing. The
renewable feedstock was provided by Neste Oil, and it is known as Neste Oil biomass to liquid
(NExBTL). This fuel is denoted as the renewable diesel in the following results sections. This
fuel is produced from renewable biomass sources such as fatty acids from vegetable oils and
animal fats via a hydrotreating process (Rantanen et al. 2005; Kuronen et al. 2007; Aatola et al.
2008; Erkkila and Nylund; Kleinschek 2005; Rothe et al. 2005). The GTL diesel fuel was
provided by a petroleum company.

A summary of selected for properties for the neat fuels is provided in Table 2-1, with the full fuel
characterization provided in Appendix A.

The biodiesel and renewable diesel feedstocks were blended with the ULSD base in different
blending ratios. The soy-based and animal-based biodiesels were blended at levels of B5, B20,
B50, as well as using the straight B100. The renewable and GTL diesel fuels were blended at
20% and 50% levels with the CARB base fuel.

The ULSD and the renewable diesel were tested in triplicate upon arrival to the fuel storage
facility for all properties under ASTM D975 and density. The GTL fuel was also tested for the
ASTM D975 properties, density, and other properties by the fuel supplier. For the renewable
diesel, the cetane number was also determined using the ignition quality test, since the accuracy
of the D613 cetane number tests has limitations at cetane values above 60. The analyses for the
ULSD, the renewable diesel, and the GTL diesel were all conducted at the Southwest Research
Institute (SwRI) in San Antonio, TX. The pure biodiesel feedstocks were tested in triplicate upon
arrival to the fuel storage facility for all properties under ASTM D6751 and for density. The
biodiesel analyses were primarily conducted by Magellan Midstream Partners, L.P., with some
testing also conducted by SwRI.



Blending of the biodiesel fuels was performed at the Interstate Oil Inc. fueling facility in
Woodland, CA. The fuels were blended on a gravimetric basis using the fuel densities to achieve
the appropriate volumetric blend levels. The neat biodiesel fuels were additized with the stability
additive tertiary butylhydroquinone (TBHQ) to help provide sufficient stability against oxidation
throughout the program. Oxidation stability tests conducted towards the end of the testing
program showed that the additized neat blends had oxidation stability values in excess of 20
hours. After blending, the biodiesel blends were tested via ASTM-D7371 to ensure the blending
was uniform and consistent with the targeted blend values. Blending for the renewable diesel
blends was conducted at the facilities at CE-CERT using a gravimetric method. The finished
blends were tested in triplicate for the properties under ASTM D975. The GTL blends were also
blended at CE-CERT, but on a volumetric basis and on a drum by drum basis since smaller
quantities of this fuel were needed. Samples of the GTL blends were collected but not analyzed,
except for one sample to characterize cetane number. The results of the fuel analyses for the
blended fuels are provided in Appendix A.

Table 2-1. Selected Fuel Properties

CARB  NExBTL GTL Soy- Animal-
ULSD Renewable biodiesel biodiesel
Diesel
API gravity (@ 60°F) 39.3 51.3 48.4 28.5 28.5
Aromatics, vol. % 18.7 0.4 0.5 NA NA
PNAs, wt. % 1.5 0.1 <0.27 NA NA
Cetane number, D613 55.8 72.3 >74.8 47.7 57.9
Cetane number, 1IQT 74.7
Distillation, IBP 337 326 419
T10, °F 408 426 482
T50,°F 519 521 568
T90, °F 612 547 648 350°C 347.5°C
FBP 659 568 673
Free glycerin, mass % NA NA NA 0.001 0.008
Total glycerin, mass % NA NA NA 0.080 0.069
Sulfur, ppm 4.7 0.3 0.9 0.7 2

Notes: NA = either Not Available or Applicable; IQT = ignition quality test derived cetane number
Distillation temperature for biodiesel samples provided in degrees C for comparison with D675

2.2 Engine Selection

The engines were selected from 2 model year categories; 2002-2006 and 2007-2009. The 2002-
2006 engines are estimated to represent an important contribution to the emissions inventory
from the present through 2017. The 2007-2009 engine model year represents the latest
technology that was available at the time of testing.



The specifications of the test engines are provided in Table 2-2. The engines were typical 6
cylinder, in-line, direct injection, turbocharged, heavy-duty diesel engines. The 2002-2006
engine was a 2006 model year Cummins ISM engine. This engine was pulled from a truck that
was purchased specifically for this project, and run at CARB’s chassis dynamometer laboratory
in Los Angeles, CA to obtain the engine operating parameters (as discussed below). The truck
had accumulated approximately 92,000 miles at the time the engine was pulled. The engine
selected from the 2007-2009 model year category was a 2007 Detroit Diesel Corporation (DDC)
MBE 4000. This engine was also pulled from a truck purchased specifically for the heavy-duty
chassis dynamometer testing portion of this program. The 2007 MBE 4000 is a 12.8 liter diesel
engine that also employs cooled EGR and a passive/active diesel oxidation catalyst (DOC)/DPF
combination. The truck had accumulated approximately 8,000 miles at the time the engine was
pulled.

Table 2-2. Test Engines Specifications

Engine Manufacturer Cummins, Inc. Detroit Diesel Corp.

Engine Model ISM 370 MBE4000

Model Year 2006 2007

Engine Family Name 6CEXHO0661MAT 7DDXH12.8DJA

Engine Type In-line 6 cylinder, 4 In-line 6 cylinder, 4

stroke stroke

Displacement (liter) 10.8 12.8

Power Rating (hp) 385 @ 1800 rpm 410 hp @ 1900 rpm

Fuel Type Diesel Diesel

Induction Turbocharger with charge | Turbocharger with
air cooler after cooler

2.3 Test Cycles

The test cycles included the standard Federal Testing Procedure (FTP) for heavy-duty engines
and three other cycles based on engine parameters collected over standard cycles on a chassis
dynamometer. Initially, two additional cycles were selected for testing that included a lightly
loaded Urban Dynamometer Driving Schedule (UDDS) cycle and a 40 mile per hour (mph)
CARB heavy heavy-duty diesel truck (HHDDT) cruise cycle. Later, a 50 mph CARB heavy
heavy-duty diesel truck (HHDDT) cruise cycle was added to provide a greater range in the load
between the different test cycles. The different cycles were initially selected to provide a range of
operating conditions and operational loads, and some connection to the chassis dynamometer
testing being conducted in CARB’s Los Angeles laboratory.

The engine dynamometer cycles for the light UDDS and the 40 mph CARB cruise cycle for the
2006 Cummins engine and the light UDDS and the 50 mph CARB cruise cycle for the 2007
MBE4000 engine were developed utilizing engine parameters downloaded when the chassis
versions of these were run with the test vehicle on the chassis dynamometer at CARB’s heavy-
duty engine emissions testing laboratory (HDEETL) in Los Angeles, CA. The light UDDS cycle
was run over the standard UDDS cycle, with the test vehicle loaded at the weight of the truck cab
itself with no trailer. This represents the most lightly loaded test cycle. The 40 and 50 mph



CARB cruise cycles represented a heavier load cycle, and were based on the vehicle being run at
near its fully loaded weight.

The torque and engine rpm were directly obtained from the J1939 signal for the test vehicle
while it was driven on the chassis dynamometer. These cycles were then programmed into the
CE-CERT engine dynamometer software prior to engine testing. In the process of translating the
cycles from the chassis to the engine dynamometer, the cycles were optimized by setting the
torque and engine RPM values equal to zero during periods of idle operation and the regression
validation criteria were modified to account for the differences between the test cycles developed
using chassis dynamometer data and the standard FTP. The procedures for the development of
these cycles are described in greater detail in Appendix B.

After the initial round of testing on the soy-based biodiesel for the 2006 Cummins ISM, it was
determined that the loads for the FTP and the 40 mph CARB cruise cycle were very similar, and
hence did not provide a sufficient load range to meet the program goals. It was decided that an
additional higher load cycle was needed to provide a larger range of load conditions. The cycle
that was selected was the 50 mph CARB HHDDT cruise cycle, with an average speed of 50 mph
instead of 40 mph. This cycle was used for an additional round of supplementary tests on the
soy-based biodiesel, and then it was substituted for the 40 mph cruise cycle on the subsequent
testing for the animal and renewable feedstocks. Since logistics of replacing the engine back into
the vehicle to generate the J1939 data for this specific engine were too impractical, an engine
dynamometer test cycle version of this cycle that was developed for the Advanced Collaborative
Emissions Study (ACES) program was utilized (Clark et al., 2007). This cycle was developed
from data collected through the E55/59 chassis dynamometer study of multiple heavy-duty
trucks.

2.4 Test Matrix

The test matrix was developed in conjunction with statisticians at CARB and the US EPA, based
on estimates of the magnitude of the impact biodiesel can have on NOx emissions at a B20 level
and estimates of test-to-test repeatability.

2.4.1 2006 Cummins ISM

The test matrix is based on providing a randomized test matrix with long range replication. The
initial test matrix provided replication of all test blends with replication of the base ULSD every
2 days. The initial test matrix also included randomization within the test day with different fuels
being tested in the morning vs. the afternoon and with the cycles being conducted in a random
order for each fuel sequence. After the completion of the first round of testing on the soy-based
biodiesel, it was decided to accelerate the rate of testing. The accelerated test matrix used for the
remainder of the testing on the soy-based biodiesel utilized a test sequence similar to that used in
the initial testing, but with essentially two days of the initial test matrix, or 12 tests, run in a
single day.

Since the expected NOx impact for the B5 level was less than that of B20, and hence more
difficult to statistically differentiate from the testing variability, the B5 blend was run outside the



sequence. Initially, for the soy-based biodiesel, the B5 level was run only for the higher load
cruise cycles, since it was expected that larger impacts would be seen at higher loads. For the
animal-based biodiesel, it was decided to test the B5 fuel on the FTP instead, since the testing
repeatability was better for the FTP tests. The test matrices for the main portion of the engine
testing are provided below.

Some additional tests were also run on the soy-based biodiesel since a number of tests were
identified to be outliers, and because a new higher load cruise cycle was substituted into the test
matrix. The nature of the outlier tests is discussed below. The number of additional test replicates
conducted on a particular soy-based blend depended on the number of outliers in the initial round
of testing. A full complement of tests on the 50 mph CARB HHDDT cycle was also conducted
to allow for full comparability between the soy-based, animal-based, and renewable fuels.

2.4.2 2007 MBE4000

The test matrix for the 2007 MBE4000 was based on a similar randomization as that used for the
2006 Cummins ISM. For the 2007 MBE4000, the characterization testing was only performed on
the soy-based and animal-based biodiesel feedstocks. The DPF that the MBE4000 was equipped
with and its regeneration cycle represented an additional element that had to be incorporated into
the test matrix. Preliminary testing showed that the DPF would enter a regeneration enabled
conditioned after 10,000 seconds of accumulated run time. This was approximately the run time
needed to complete the appropriate conditioning, engine mapping, and emissions testing on each
fuel. In order to eliminate the possibility of a regeneration occurring during one of the emission
test, it was decided that the DPF would be regenerated with each fuel change. To accommodate
the additional time for regeneration, the test matrix for the B50 and B100 blends was reduced
from 6 iteration to 4 iterations since earlier testing had indicated this would provide a sufficient
number of replicates for the statistical analysis. This prevented a random regeneration event from
occurring that would have masked the fuel effects being examined in this study. At the same
time, this represents a limitation in that the fuel effects under regeneration conditions were not
evaluated.



Table 2-3.Engine 1-2006 Cummins ISM test matrix

A =Lght. UDDS B =FTP C1 = ARB 40 mph Cruise C = ARB 50 mph Cruise
Engine 1-2006 cummins ISM

Soy based biodiesel

Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 Day 8 Day 9 Day 10 Day 11 Day 12 Day 13 Day 14
Fuel Cycle Fuel Cycle Fuel Cycle Fuel Cycle Fuel Cycle Fuel Cycle Fuel Cycle Fuel Cycle Fuel Cycle Fuel Cycle Fuel Cycle Fuel Cycle Fuel Cycle Fuel Cycle
CARB A B20 B B50 A CARB C1 B100 B B20 C1 | CARB B B50 A B100 A CARB A B20 B B50 A B100 C1 CARB C1
C1l A B A C1l B A B C1l C1l A B A C1l
B C1 C1 B A A C1 C1 B B C1 C1 B C1
B20 C1 B50 B ' CARB C1 B100 A B20 B ' CARB A B50 B  B100 Cl1 CARB B B20 A B50 C1 B100 B CARB C1 B5 C1
B C1 A B A C1 A A C1 B B C1 A C1
A A B C1 C1 B C1 B A C1 A A B C1
Day 16 Day 17 Day 18 Day 19 Day 20 Day 21

Fuel Cycle Fuel Cycle Fuel Cycle Fuel Cycle Fuel Cycle Fuel Cycle

CARB C CARB A CARB A CARB C CARB C B50 A
A C B C C B

B B C C C A

B20 A B50 C B100 B B5 C C B
C A A C B20 C B100 C

B B C C C C

B20 B B50 C B100 A B5 C C C
A B C C C C

C A B C B50 C CARB C

CARB C CARB A CARB B CARB C C C
B C C C C C

A B A C C C



A =Lght. UDDS B =FTP C1 = ARB 40 mph Cruise C = ARB 50 mph Cruise
Engine 1-2006 cummins ISM

Animal based BDSL

Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 Day 8
Fuel Cycle Fuel Cycle Fuel Cycle Fuel Cycle Fuel Cycle Fuel Cycle Fuel Cycle Fuel Cycle
A A C B A B20 C B B5 B
C B B C C A C B
B C A A B B A B
B20 B C B20 B B C A B B
A B C A A B A B
C A A C B C C B
B20 C B B20 A B A A B
A C B A C B B
B A C C B C B
A A A C B20 C B B5 B
B C C B B C B
C B B A A A B
Renewable Diesel GTL Diesel
Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 Day 1 Day 2 Day 3
Fuel Cycle Fuel Cycle Fuel Cycle Fuel Cycle Fuel Cycle Fuel Cycle Fuel Cycle Fuel Cycle Fuel Cycle Fuel Cycle
A C Cc B A R20 C B B B B
B A B C C A A B B B
C B A A B B C B B B
R20 C B R20 A C B B A G20 B B B
A A B A A C C B B B
B C C B C A B B B B
R20 A B R20 A B A C G20 B B
C C B A B B B B
B A C C C A B B
B C A C R20